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PREFACE 

The work r e p o r t e d  he r e in  was conducted by the Arnold E n g i n e e r i n g  
Development  Cente r  ( ~ D C ) ,  Air  F o r c e  Sys tems  Command (AFSC)0 
under  P r o g r a m  E lemen t  65807F. The r e s u l t s  of the r e s e a r c h  
were  obtained by ARO, Inc. (a subs id ia ry  of Sverdrup  & P a r c e l  and 
Assoc i a t e s ,  Inc. ), con t rac t  ope ra to r  of AEDC, AFSC, Arnold  Air  
F o r c e  Station,  Tennessee .  The work was done under  ARO P r o j e c t  
Numbers  PW31700 PW3270, PD205, RF4160 and PF217.  The author  
of~this t echn ica l  r e p o r t  was J. W. Cunningham, ARO, Inc. The 
m a n u s c r i p t  (ARO Contro l  No. ARO-PWT-TR-75-47)  was submi t ted  
for  publ ica t ion  on Apr i l  29, 1975. 

Severa l  people who pa r t i c ipa ted  in the design of the o s c i l l a t o r  
should be ment ioned.  S t ruc tu ra l  des ign  of the o sc i l l a t o r  and 
eng ineer ing  on the cooling water  supply were  done by W. C. Rothe,  
ARO, Inc. The cont ro l  s y s t e m  and the supply of e l e c t r i c a l  power 
to the o s c i l l a t o r  were  des igned by J.  B. Carson ,  ARO, Inc. 
Ashley  Bock, who was r e t a ined  as a consul tant  dur ing the conceptual  
des ign of the o sc i l l a to r ,  set  the spacing between high vol tage  
components ,  de t e rmined  the lengths  of high vol tage i n su l a to r s ,  and 
sugges ted  sou rce s  for  some  of the components .  
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1.0 INTRODUCTION 

This  r e p o r t  d e s c r i b e s  the  d e s i g n  of a l a r g e  C las s  C o s c i l l a t o r  which  
has  b e e n  bui l t  at AEDC. The  o s c i l l a t o r  is i n t ended  as a p o w e r  s o u r c e  
fo r  e x p e r i m e n t s  in  induc t ion  hea t ing  of g a s e s .  It u t i l i z e s  e ight  v a c u u m  
tubes  in a p u s h - p u l l  p a r a l l e l  con f igu ra t i on  and is capab le  o f  a con t inuous  
p o w e r  output of 3 .2  MW at f r e q u e n c i e s  b e t w e e n  10 and 50 kHz.  The tank 
c a p a c i t o r  of the  o s c i l l a t o r  c o n s i s t s  of a bank of 42 ind iv idua l  c a p a c i t o r s  
wh ich  can be c o n n e c t e d  in v a r i o u s  s e r i e s - p a r a l l e l  c o m b i n a t i o n s  to 
allow o p e r a t i o n  at a n u m b e r  of f r e q u e n c i e s  o v e r  th is  r a n g e .  The  o s c i l l a -  
t o r  is  coupled  to the  e x p e r i m e n t  by s u r r o u n d i n g  the  p l a s m a  wi th  a 
p o r t i o n  of the  o s c i l l a t o r  tank coil .  

The  o s c i l l a t o r  was bui l t  in r e s p o n s e  to a r e q u i r e m e n t  by the  L e w i s  
L a b o r a t o r y  of the  Nat iona l  A e r o n a u t i c s  and Space  A d m i n s t r a t i o n  (NASA), 
w h e r e  a n u c l e a r  s p a c e  p r o p u l s i o n  eng ine  was be ing  d e v e l o p e d .  F i s s i o n  
in th i s  eng ine  o c c u r r e d  wi th in  a u r a n i u m  p l a s m a ,  and s e v e r e  h e a t - t r a n s f e r  
p r o b l e m s  w e r e  e x p e c t e d  to be e n c o u n t e r e d .  It was  e s s e n t i a l  to s o l v e  
t h e s e  p r o b l e m s  us ing  a n o n n u c l e a r  e n e r g y  s o u r c e  so that  f a i l u r e  of the  
t e s t  h a r d w a r e  would not  r e s u l t  in l o s s  of r a d i o a c t i v e  m a t e r i a l .  The  
o s c i l l a t o r  was  i n t ended  to p r o d u c e  a p l a s m a  s i m u l a t i n g  the  u r a n i u m  p l a s -  
m a  d u r i n g  the  d e v e l o p m e n t  of the  eng ine .  It was buil t  at AEDC b e c a u s e  
a su i t ab l e  d - c  p o w e r  s o u r c e  and o t h e r  u t i l i t i e s  w e r e  ava i l ab l e  and b e c a u s e  
p e r s o n n e l  at AEDC had ga ined  c o n s i d e r a b l e  e x p e r t i s e  in induc t ion  hea t i ng  
of gases ' .  Al though  work  on the  n u c l e a r  eng ine  was d i s c o n t i n u e d ,  the  
o s c i l l a t o r  was  c o m p l e t e d  and is  now be ing  u s e d  as a p o w e r  s o u r c e  fo r  
p l a s m a  e x p e r i m e n t s  at AEDC. 

D i r e c t - c u r r e n t  p la te  supply  p o w e r  fo r  the o s c i l l a t o r  i s  ob ta ined  
f r o m  an i g n i t r o n  r e c t i f i e r ,  wh ich  a l so  p o w e r s  s e v e r a l  a r c - h e a t e d  t e s t  
f a c i l i t i e s  in the  a r e a .  The  supply  c o n s i s t s  of a l o a d - t a p - c h a n g i n g  
t r a n s f o r m e r  and s ix  i g n i t r o n  tubes  in a t h r e e - p h a s e ,  fu l l  wave  b r i d g e  
c i r c u i t .  The  d - c  output  is  u n f i l t e r e d  and con ta ins  the  n o r m a l  360-Hz  
r i p p l e .  The  output vo l t age  can be v a r i e d  u n d e r  load  in s t e p s  of about 
1 ,000 v f r o m  z e r o  to f u l l - r a t e d  output by changing  the  t r a n s f o r m e r  tap  
se t t i ng .  P h a s e  c o n t r o l  of the  output vo l t age  is a l so  ava i l ab l e  but is 
s e l d o m  u s e d  b e c a u s e  of the  poor  output vo l t age  w a v e f o r m  it p r o d u c e s .  
T h e  supply  is  n o r m a l l y  r a t e d  at 19,000 v at 900 amp.  H o w e v e r ,  the  
m a x i m u m  vo l t age  r a t i n g  can be e x c e e d e d  s o m e w h a t  at the  low c u r r e n t  
r e q u i r e d  by the  o s c i l l a t o r  (232 amp) .  
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D e s i g n  of the  o s c i l l a t o r  was  begun in J a n u a r y  1971, wi th  a s i x - m o n t h  
s tudy  s p o n s o r e d  by NASA. The  s tudy  r e s u l t e d  in  the  s e l e c t i o n  of the  
b a s i c  c i r c u i t  and the  type  of v a c u u m  tube to be used;  it  a l so  p r o d u c e d  a 
cos t  e s t i m a t e .  The  f ina l  d e s i g n  and c o n s t r u c t i o n  w e r e  begun in J a n u a r y  
1972, aga in  u n d e r  NASA s p o n s o r s h i p .  Shakedown of the  o s c i l l a t o r  was  
begun  in l a t e  1973 and was  c o m p l e t e d  in J u l y  1974. 

T h i s  r e p o r t  is  not in tended  as  an o p e r a t i n g  m a n u a l .  R a t h e r ,  i t  i s  
i n t ended  to acqua in t  the  r e a d e r  s u f f i c i e n t l y  wi th  the  c a p a b i l i t i e s  and 
l i m i t a t i o n s  of the  o s c i l l a t o r  so t ha t  he can  i n t e r f a c e  i t  wi th  e x p e r i m e n t a l  
h a r d w a r e  and w r i t e  h i s  own o p e r a t i n g  p r o c e d u r e s .  Sec t ion  2 .0  d i s c u s s e s  
the  r e a s o n s  fo r  the  s e l e c t i o n  of the  p a r t i c u l a r  c i r c u i t  and tube  type  and 
the p r o b l e m  of choos ing  componen t  v a l u e s .  Sec t ion  3 .0  d e s c r i b e s  the  
c o m p u t e r  p r o g r a m  which  was  u sed  to v e r i f y  (and in s o m e  c a s e s  to 
change)  the o s c i l l a t o r  c i r c u i t  and componen t  v a l u e s .  Sec t ion  4 . 0  d e s -  
c r i b e s  the  l i m i t a t i o n  i m p o s e d  on the  o s c i l l a t o r  power  output  and 
f r e q u e n c y  r a n g e  by the tank  c a p a c i t o r  and f eedback  c a p a c i t o r  r a t i n g s .  
Sec t ion  5 .0  d e s c r i b e s  the  p h y s i c a l  a r r a n g e m e n t  of the  o s c i l l a t o r  c o m p o -  
nen t s  and the  cool ing  w a t e r  and a i r  s u p p l i e s .  Sec t ion  6 .0  d e s c r i b e s  
p r o t e c t i v e  d e v i c e s  and i n s t r u m e n t a t i o n .  F i n a l l y ,  Sec t ion  7 .0  d e s c r i b e s  
the  p r e s e n t  s t a t e  of the  o s c i l l a t o r  and o p e r a t i n g  e x p e r i e n c e  to da te .  

One dev i a t i on  f r o m  s t a n d a r d  n o m e n c l a t u r e  has  been  adopted .  The  
s y m b o l  V is  u sed  to r e p r e s e n t  the  r e a c t i v e  power  hand led  by a c a p a c i t o r  
( " v a r s " ) .  V o l t a g e s  a r e  r e p r e s e n t e d  e x c l u s i v e l y  by the  s y m b o l  E.  The  
s u b s c r i p t  b r e f e r s  to one of the  two tank c a p a c i t o r  banks ,  and the  s u b -  
s c r i p t  f r e f e r s  to one of the  two f eedback  c a p a c i t o r  banks .  The  s u b -  
s c r i p t  t r e f e r s  to the  p l a t e - t o - p l a t e  tank c a p a c i t a n c e  (two Cb ' s  and two 
C f ' s  in s e r i e s ) .  The  add i t i ona l  s u b s c r i p t  r r e f e r s  to the  r a t e d  va lue  of 
the  v a r i a b l e ;  fo r  e x a m p l e ,  Vbr  i s  the  r a t e d  v a r  hand l i ng  c a p a c i t y  of a 
tank  c a p a c i t o r  bank.  

2.0 CIRCUIT CONFIGURATION AND COMPONENT VALUES 

Dur ing  the  i n i t i a l  s tudy ,  it was  d e t e r m i n e d  tha t  NASA r e q u i r e d  a s u p -  
ply  wi th  a power  input  of 4 MW or  g r e a t e r  which  could be o p e r a t e d  at 
any f r e q u e n c y  in the  r a n g e  f r o m  10 to 50 kHz.  C o n s i d e r a t i o n  was  g i v e n  
to r o t a t i n g  m a c h i n e r y ,  to s e m i c o n d u c t o r s ,  and to v a c u u m  tubes .  It 
was  found tha t  r o t a t i n g  m a c h i n e r y  could not be p u r c h a s e d  fo r  f r e q u e n c i e s  
g r e a t e r  than  10 kHz and was  v e r y  e x p e n s i v e ,  cos t i ng  about  $200/kw 
( in s t a l l ed ) .  V a r i a b l e  f r e q u e n c y  o p e r a t i o n  would have  i n c r e a s e d  the cos t  
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s t i l l  f u r t h e r .  W h e r e a s  s m a l l  s i l i c o n - c o n t r o l l e d  r e c t i f i e r s  (SCR's)  could 
be o p e r a t e d  above 10 kHz,  l a r g e r  uni t s  w e r e  r e s t r i c t e d  to about 3 kHz 
by d I / d t  and tu rnof f  t i m e  l i m i t a t i o n s .  T r a n s i s t o r s  wh ich  could o p e r a t e  
at 50 kHz w e r e  so s m a l l  tha t  p a r a l l e l i n g  p r o b l e m s  would have  b e e n  s e v e r e .  
Thus ,  v a c u u m  tubes  b e c a m e  the  only p r a c t i c a l  cho ice  fo r  the  supply .  

2.1 VACUUM TUBES 

It was  found that  the  v a r i e t y  of tubes  which  w e r e  su i t ab l e  fo r  th i s  
a p p l i c a t i on  was not  l a r g e .  Tubes  which  w e r e  thought  to be su i t ab l e  a r e  
d e s c r i b e d  below.  Al l  a r e  d e s i g n e d  to o p e r a t e  at a p la te  vo l t age  of 20 kv.  

7482 and 7560. T h e s e  a r e  l a r g e  t r i o d e s  which  a r e  i den t i ca l ,  
excep t  fo r  the  m e t h o d  of cool ing.  The  7482 is vapo r  coo led  (that i s ,  the  
anode  is  i m m e r s e d  in w a t e r  and is  coo led  by c o n v e c t i v e  boi l ing)  and 
has  a p la te  d i s s i p a t i o n  r a t i n g  of 200 kw. The  7560 is of conven t i ona l  
w a t e r - c o o l e d  d e s i g n  (no bo i l ing  t a k e s  p lace)  wi th  a p la te  d i s s i p a t i o n  
r a t i n g  of 175 kw. E a c h  is capable  of 580 kw input.  T h e s e  tubes  a r e  
ava i l ab l e  f r o m  at l e a s t  two m a n u f a c t u r e r s ,  at a cos t  of about $ 5 . 4 0 / k w  
input.  The  7560 is an e s t a b l i s h e d  " w o r k h o r s e "  in the  f i e ld  of i n d u c -  
t ion  h e a t i ng  and is  a l so  u s e d  in LORAN t r a n s m i t t e r s .  The  7482 is 
u s e d  in a n u m b e r  of i n t e r n a t i o n a l  b r o a d c a s t  t r a n s m i t t e r s .  

1142. Th i s  tube is  e s s e n t i a l l y  a l e n g t h e n e d  v e r s i o n  of the  7560. 
P o w e r  capab i l i ty  and p r i c e  a r e  r ough ly  1.66 t i m e s  the  c o r r e s p o n d i n g  
f i g u r e s  fo r  the  7560. H o w e v e r ,  at the  t i m e  of the  s tudy,  the  tube  had 
j u s t  c o m p l e t e d  d e v e l o p m e n t  and had had no app l ica t ion .  

4CW 250 ,000A.  Th i s  is a w a t e r - c o o l e d  t e t r o d e  wi th  a p la te  
d i s s i p a t i o n  r a t i n g  of 250 kw and a p la te  input  capab i l i ty  of 615 kw. The  
cos t  is  about $8 .10 /kw input.  It is a w e l l - e s t a b l i s h e d  tube ,  u s e d  in 
i n t e r n a t i o n a l  b r o a d c a s t  and VLF  Navy t r a n s m i t t e r s .  

X2159. Th i s  is a w a t e r - c o o l e d  t e t r o d e  wi th  p o w e r  r a t i n g s  t h r e e  
to four  t i m e s  as l a r g e  as the  c o r r e s p o n d i n g  f i g u r e s  fo r  the  4CW 
250 ,000A.  The  cos t  is  about $5 .00 /kw input.  The  tube was in d e v e l o p -  
m e n t  at the  t i m e  of the  in i t i a l  s tudy (1971) but would have  b e e n  a v a i l -  
able  in t i m e  fo r  th is  app l ica t ion .  It was  be ing  d e v e l o p e d  fo r  i n t e r n a -  
t iona l  b r o a d c a s t .  

The  7482 and the  4CW 250 ,000A w e r e  the  tubes  c o n s i d e r e d  in the  
c o m p a r i s o n  of t r i o d e s  and t e t r o d e s  ( see  below).  The  1142 and the  

9 
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X2159 w e r e  e l i m i n a t e d  b e c a u s e  they  w e r e  new d e s i g n s .  It was  f e l t  
that  an induc t ion  h e a t e r  was  a r a t h e r  r o u g h  app l i ca t i on  fo r  an u n p r o v e n  
tube .  The  cho i ce  of the  7482 o v e r  the  7560 was m e r e l y  a m a t t e r  of 
c o n v e n i e n c e .  The  7482 r e q u i r e s  l e s s  than  o n e - t e n t h  as m u c h  coo l ing  
w a t e r  as the  7560; h o w e v e r ,  p ip ing fo r  e x h a u s t i n g  the  s t e a m  c o m p l i -  
c a t e s  des ign .  

2.2 CIRCUIT SELECTION 

A wide  v a r i e t y  of c i r c u i t s  could p o t e n t i a l l y  be u s e d  to  g e n e r a t e  
the  p o w e r  r e q u i r e d  in this" app l ica t ion ,  and s o m e  e f fo r t  was  d e v o t e d  
to s e l e c t i n g  the  b e s t  c i r c u i t  conf igura t ion .  In the  s e l e c t i o n  the  f o l l o w -  
ing c h o i c e s  had to be m a d e :  

1. Should the  t u b e s  be t r i o d e s  o r  t e t r o d e s  ? 
2. Should the  load  be tuned  or  u n t u n e d ?  
3. Should the  t ubes  be o p e r a t e d  s i n g l e - e n d e d  o r  

p u s h - p u l l  ? 
4. Should the  tubes  be s e l f - e x c i t e d  ( o s c i l l a t o r )  

o r  s e p a r a t e l y  e x c i t e d  ( a m p l i f i e r ) ?  

The  c o n s i d e r a t i o n s  which  e n t e r e d  into e a c h  cho ice  a r e  d i s c u s s e d  
be low and a r e  s u m m a r i z e d  in  Tab le  1. 

1. The  p r i m a r y  advan t ages  of a t e t r o d e  o v e r  a 
t r i o d e  a r e  c o n s i d e r a b l y  l o w e r  d r i v i n g  p o w e r  
and f a r  s m a l l e r  f e e d b a c k  capac i ty .  T h e s e  
a r e  i m p o r t a n t  po in ts  if the  tube  is  o p e r a t e d  
as an a m p l i f i e r ,  but they  l o s e  m o s t  of t h e i r  
s i g n i f i c a n c e  if it  i s  o p e r a t e d  as an o s c i l l a t o r .  
On the  o t h e r  hand,  a t e t r o d e  r e q u i r e s  an 
add i t i ona l  p o w e r  supply ,  and the  s c r e e n  is 
s u s c e p t i b l e  to d a m a g e  u n d e r  l i gh t  load .  
The  e f f i c i e n c y  is  lower°  b e c a u s e  the  p la te  
cannot  be  d r i v e n  to a low vo l t age  wi thout  
o v e r h e a t i n g  the  s c r e e n .  F ina l l y ,  a t e t r o d e  
is m o r e  e x p e n s i v e  than  the  e q u i v a l e n t  t r i o d e .  

2. The  p r i m a r y  r e a s o n  fo r  u s ing  an un tuned  
load  is that  a n o n s i n u s o i d a l  vo l t age  m a y  be 
app l i ed  to the  load.  If the  l oad  vo l t age  w e r e  
a s q u a r e  wave ,  t h e n  p la te  c u r r e n t  could  be 
a l lowed  to flow in  p u l s e s  up to o n e - h a l f  
cyc le  long.  Peak  p la te  c u r r e n t s  would be 

10 



AEDC-TR-76-26 

. 

, 

g r e a t l y  r e d u c e d ,  e f f i c i e n c y  would be v e r y  
h igh,  and the  p o w e r  a tube  could hand le  
m i g h t  be doubled,  as  c o m p a r e d  to conven -  
t i o n a l l y  tuned  C l a s s  C o p e r a t i o n .  Also ,  
un tuned  o p e r a t i o n  would r e q u i r e  no 
tun ing  c a p a c i t o r ,  an e x p e n s i v e  componen t .  
Unf o r tuna t e l y ,  one could not bui ld  an  
untuned o s c i l l a t o r ,  no r  could one bui ld  a 
s i n g l e - e n d e d  c i r c u i t  wi th  an untuned load  
(un l e s s  the  i n e f f i c i e n c y  of C l a s s  A o p e r a -  
t ion  w e r e  t o l e r a t e d ) .  F u r t h e r m o r e ,  the  
tubes  would have  to be shun ted  by d iodes  
to c a r r y  the l a g g i n g  c u r r e n t  of the  r e a c t i v e  
load .  It did not  a p p e a r  to be p r a c t i c a l  to 
use  t h e s e  d iodes ,  b e c a u s e  of the  l a r g e  
c u r r e n t  and vo l t age  r a t i n g s  and the  s m a l l  
c h a r g e  s t o r a g e  they  would have  to have .  

The  only advan tage  of s i n g l e - e n d e d  o p e r a -  
t ion  s e e m s  to be tha t  the  load  vo l t age  i s  
l o w e r .  O t h e r  c o n s i d e r a t i o n s  f a v o r  p u s h -  
pul l  o p e r a t i o n .  The  m o s t  i m p o r t a n t  
r e a s o n  fo r  u s ing  a p u s h - p u l l  c i r c u i t  is  
tha t  only ha l f  of the  tubes  conduct  at  one 
t i m e ,  so  the p r o b l e m  of c u r r e n t  s h a r i n g  
be tween  the  tubes  i s  ea sed .  A p u s h - p u l l  
c i r c u i t  wi l l  a l so  t o l e r a t e  a loaded  Q l o w e r  
by  a f a c t o r  of two. As wi l l  be s e e n ,  t h i s  
cuts  the  cos t  of the  tun ing  c a p a c i t o r  by  a 
f a c t o r  of two. 

The  p r i m a r y  advan tage  of the  o s c i l l a t o r  
c o n f i g u r a t i o n  is  tha t  g r i d  d r i v i n g  power  
need  not  be g e n e r a t e d  s e p a r a t e l y ,  but 
can  be t a k e n  f r o m  the p la te  c i r c u i t .  The  
p r i m a r y  advan tage  of the  a m p l i f i e r  
c o n f i g u r a t i o n  is  tha t  the  load  vo l t age  can  
be e a s i l y  con t ro l l ed .  Ano the r  c o n s i d e r a -  
t ion  is  tha t  wi th  an a m p l i f i e r  one m u s t  
m a n a g e  to k e e p  the  load  tuned  to the  
d r i v i n g  f r e q u e n c y  (or v i ce  ve r sa} .  

II 
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Table 1. Considerations Entering into Choice of Circuit Configuration 

i. Triode versus Tetrode: 

Triode Tetrode 

More difficult to damage. 
Better operation at low 
voltages. 

No screen supply. 
Lower cost per kilowatt. 

Lower driving power. 
Much lower feedback 
capacitance. 

2. Tuned versus Untuned: 

Tuned Untuned 

No shunt diode needed. 
Can operate single-ended. 
Can operate as oscillator. 

Load voltage can be 
nonsinusoidal. 

No tuning capacitor 
required. 

3. Push-pull versus Single-ended: 

Push-pull Single-ended 

Half as many tubes to 
parallel. 

Tolerate lower load Q. 

Lower load voltage. 

4. Amplifier versus Oscillator: 

Amplifier Oscillator 

Load voltage easily 
controlled. 

Need not generate driving 
power. 

Tolerates large feedback 
capacity. 

Load automatically tuned 
to operating frequency. 

T h e s e  four  p o s s i b l e  c h o i c e s  r e s u l t  in the  16 p o s s i b l e  c o n f i g u r a t i o n s ,  
wh ich  a r e  d e p i c t e d  in F ig .  1. S ince  n e i t h e r  a s i n g l e - e n d e d ,  un tuned  
c i r c u i t  no r  an un tuned  o s c i l l a t o r  can  be buil t ,  and s i n c e  an un tuned  
a m p l i f i e r  would  r e q u i r e  d iodes  which  a r e  d i f f i cu l t  to supply ,  a l l  un tuned  
c o n f i g u r a t i o n s  have  b e e n  e l i m i n a t e d .  It has  a l r e a d y  b e e n  m e n t i o n e d  
tha t  t h e r e  is no advan tage  to us ing  t e t r o d e s  in an o s c i l l a t o r ,  n o r  to 
us ing  t r i o d e s  in an a m p l i f i e r ;  t h e r e f o r e ,  only the four  whi te  b locks  in 
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Fig .  1 r e m a i n .  Since t he r e  a re  s e v e r a l  good r e a s o n s  for  us ing  a 
push-pu l l  c i r cu i t ,  the f inal  choice mus t  be made  between a tuned, push-  
pull ,  t r i ode  o s c i l l a t o r ,  and a tuned, push-pu l l  t e t rode  amp l i f i e r .  

O s c i l l a t o r  

AmplAfier 

Untuned Tuned 

S i n : : h - ~ i d  - ~  / -  ~ :~ :e~_l lded  

Triode ~ 

~ Tetrode ~~l lJ l l l l l lJ lJ lJ l l  
Tetrode ~ ' ~ ~  I I 

N W ' .  Triode N ~" !~ I 

@ Impossible 

Requires Shunt Diodes 

D 
D 

Triode ampl i f i e r  d i f f i c u l t  to dr ive ;  
l a rge  G-P capaci tance troublesome 

l~rive i s  easy with o s c i l l a t o r ;  
t e t rodes  unnecessary 

Promising 

Figure 1. Summary of the possible circuit configurations. 
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The mos t  impor t an t  advantages  of the o s c i l l a t o r  a re  as fo l lows:  

1. It is  somewhat  cheaper ,  s ince  d r iv ing  
c i r c u i t r y  need not be provided.  

2. The p rob lem of keeping  the d r i v e r  and 
the load tuned to the s a m e  f r equency  
is  e l imina ted .  

The only advantage  of the a m p l i f i e r  s e e m s  to be: 

3. The load vol tage can be m o r e  ea s i l y  cont ro l led .  

Point  2 is  quite s ign i f ican t ,  in view of the r a t h e r  l a r g e  changes  in coil  
inductance  and Q which take place when the p l a s m a  is  e s t ab l i shed  or  
ex t inguished.  Point  3 l o s e s  mos t  of i ts  s ign i f i cance ,  s ince  the d -c  
power  supply which was to power the o s c i l l a t o r  (or ampl i f i e r )  included 
a t ap -chang ing  t r a n s f o r m e r  which al lowed cont ro l  of the pla te  supply  
vol tage  under  load.  The choice was t h e r e f o r e  made  in favor  of the 
tuned,  push-pu l l ,  t r iode  o s c i l l a t o r .  

The type of feedback for  the o s c i l l a t o r  was next  chosen.  Most  
induct ion h e a t e r s  use  some  f o r m  of induct ive feedback,  e i t he r  a s m a l l  
coil  coupled to the pla te  tank coil  ( t i ck le r  c i rcui t )  or  a tap on the plate  
tank coil  (Har t l ey  c i rcui t ) .  Inductive feedback was not used  in th i s  
appl ica t ion  for  two r e a s o n s .  F i r s t ,  the plate  tank coil is diff icul t  to 
build at bes t ,  cons ide r ing  the vol tage and cu r r en t  it mus t  handle  and 
the s i ze  r e s t r i c t i o n s  placed on it by the n e c e s s i t y  of coupling into the 
p l a s m a  expe r imen t .  It s e e m e d  best  not to compl ica te  the tank coil  
des ign  by r e q u i r i n g  taps  or  t i c k l e r  windings to be p laced on it. Second, 
it was probable  that  the amount  of feedback would be diff icul t  to cont ro l  
because  of the v a r i a b l e  inf luence of the p l a s m a  on the tank coil.  F o r  
these  r easons°  capac i t ive  feedback (the Colpi t t s  c i rcui t )  was se l ec ted .  

The bas ic  c i r cu i t  of the o s c i l l a t o r  is  shown in Fig.  2. Shunt feed 
was used in the pla te  c i r cu i t  (even though it r e q u i r e d  the p u r c h a s e  of 
a p la te  choke) so that  the pla te  supply vol tage would not appear  on the 
tank coil,  thus ea s ing  the des ign  of th is  component  somewhat .  The 
individual  g r id s  were  shunt  fed to allow m e a s u r e m e n t  of individual  
g r id  c u r r e n t s ,  and a lso  to allow se l ec t i on  of individual  g r id  r e s i s t o r s .  
(Individual b ias ing  was provided as an aid in ba lanc ing  the loading of 
the tubes ,  but th i s  was not e n t i r e l y  success fu l ;  see  Sect ion 7.2).  P r o -  
t ec t ive  bias  f r o m  a v a r i a b l e  b ias  supply was appl ied th rough  a diode to 
each gr id .  This  al lowed the n o n - o s c i l l a t i n g  pla te  c u r r e n t  of the tubes  
to be cont ro l led .  In osc i l l a t ion ,  bias is d e t e r m i n e d  by the g r id  c u r r e n t  
and the b ias  r e s i s t o r ,  not by the p ro tec t ive  bias  supply.  

14 



I 

: 

l' I 
Plate I 

P late Choke 
Supply B+ Crowbar -~. : 

~. A Switch Bleeder 
Bypass ..~ ~ 7(~/  .L - -  
Ca*i-W*I r l..S..h.nt) 

. . . . . . .  - -  "It 

Plate "~ 
S h u n t ~  

I 

IBias 
iResistor 

I 
I Gr,d i 
I Shunt 

J " -  _ - -  

I 

Grid 
Coupling T ~ .  
Capacitor ~[ 

Grid Choke 

I Typical of Four Identical Sections ~ ', 
I 

West i 

Parasitic P late 
Resisl 

m 

East 

Not~ Safety procedure requires the numbered .points 
to be grounded when the enclosure is emered. 

Figure 2. Elementary circuit diagram of the oscillator. 

Plate 
Coupling 
Capacitor 

3> 
m 

o ,o 
- I  
.-n 

CPJ 



AE DC-TR-76-26 

The tank capac i to r  and the feedback capac i to r  each cons i s t s  of a 
s e r i e s - p a r a l l e l  capac i to r  bank, and both a re  d e s c r i b e d  in Sect ion 4 .0 .  
F o r  shakedown,  the en t i r e  tank coil  was p laced wi thin  the o s c i l l a t o r  
e n c l o s u r e ,  and the load cons i s t ed  of a w a t e r - c o o l e d  r e s i s t o r  p laced  
outs ide  the enc lo su re .  When the o s c i l l a t o r  is used to d r ive  a p l a s m a  
e x p e r i m e n t ,  al l  or  pa r t  of the tank coil s u r r o u n d s  the p l a sma ,  and 
the load r e p r e s e n t s  the r e s i s t a n c e  coupled into the tank coil  by the 
p l a sma .  The choke grounding the load c e n t e r - t a p  s e r v e s  no funct ion  
in the ba s i c  o s c i l l a t o r  c i rcu i t ,  but p reven t s  a b ias  i n s t ab i l i t y  which 
was found in running  the compute r  s i m u l a t o r  p r o g r a m  (Section 3 .4) .  

The p a r a s i t i c  choke and r e s i s t o r  and the gr id  bypass  capac i t o r s  
ope ra t e  toge the r  to p reven t  feedback at f r e q u e n c i e s  above the h ighes t  
opera t ing  f r equency  and thus p reven t  p a r a s i t i c  o sc i l l a t i ons .  The exac t  
funct ion of these  components  is  d i s c u s s e d  l a t e r  in th is  sec t ion .  The 
pla te  r e s i s t o r s  provide  e s s e n t i a l  p ro tec t ion  for  the tubes  in the event  
of a g r i d - p l a t e  f l a s h o v e r  (Section 6.1) .  

2.3  C O M P O N E N T  V A L U E S  

The f i r s t  t a sk  in se lec t ing  component  va lues  is to d e t e r m i n e  the 
tank c i rcu i t  components .  In doing so, one can a s s u m e  that  the tank 
c i r cu i t  Q is  much l a r g e r  than one. If th is  is the case ,  the s inuso ida l  
c i r cu la t ing  cu r r en t  in the tank wil l  be much l a r g e r  than the nons inuso i -  
dal  c u r r e n t  in jec ted  into the tank by the tubes.  Neglec t ing  the l a t t e r  
l eads  to s inuso ida l  vo l tages  and c u r r e n t s ,  and a v e r y  s imp le ,  ye t  
a ccu ra t e  a n a l y s i s  r e s u l t s .  E r r o r s  in t roduced by the approx ima t ion  
a r e  diff icul t  to handle  ana ly t i ca l ly ,  and a r e  be t t e r  r e s o l v e d  by use  of 
the compute r  s imu la t ion  (Section 3.0) .  

A s impl i f i ed  d i a g r a m  of the tank c i rcu i t  is shown in Fig.  3. The 
f r equency  of o sc i l l a t i on  is  i m m e d i a t e l y  g iven by 

oJ o = (L Ct) "°'5 ( 1 )  

The c i rcu i t  Q is def ined as 

~o L 
Q = - F -  (2) 

Since the Q is much  l a r g e r  than 1, the impedance  p r e s e n t e d  to the 
vol tage E t by L and R in s e r i e s  is  n e a r l y  equal  to ~o L, and the c i r c u l a t -  
ing c u r r e n t  in the tank is then g iven by 
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Et (~_.~tl O" 5 
I t = ~o---" ~- = g t (3) 

The  power  output  is  t hen  

C t R  P--ff  - -  (4) 

E q u a t i o n s  (3) and (4) can  be combined  to obta in  

I t = P._..~Q 
E t 

(5) 

The  r e a c t i v e  power  which  m u s t  be hand led  by the tank  c a p a c i t o r  i s  the  
p r o d u c t  of the  r m s  c u r r e n t  t h r o u g h  it (It) and the  r m s  vo l t age  a c r o s s  
i t  (Et).  F r o m  Eq.  (5), t h i s  is  

Vt = PQ (6) 

(The r e a c t i v e  power  hand led  by the coi l  is  n e a r l y  i d e n t i c a l .  ) 
power  output  can  a l so  be w r i ~ e n  as  

2 
E t 

P -  
Z t 

The  

(7) 

w h e r e  Z t is  the  p l a t e - t o - p l a t e  i m p e d a n c e  ( r e s i s t i v e )  p r e s e n t e d  to the  
tubes  by the tank  at r e s o n a n c e .  F r o m  E q s .  (4) and (7), Z t is  g i v e n  by 

Z, L Q 
= C , .  = ~ o C  t ( 8 )  

Then ,  in  t e r m s  of •o, Zt ,  and Q, f r o m  Eq.  (8) one ob ta ins  

C t = Q ~oZt (9) 

and f r o m  E q s .  (1) and (8), 

Z t 
L = ~ (I0) 

~o Q 

Tube  t a b l e s  fo r  the  7482 give the  peak r a d i o  f r e q u e n c y  (rf) p l a t e  
v o l t a g e s  as 17,400 v, and the  power  output  as 440 kw fo r  a s i n g l e  tube .  
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The r f  vol tage,  p la te  to plate ,  is then 34,800 v peak, or  24,600 v r m s  
(Et). Power  output for  eight tubes is 3.52 iHW (P). Then f r o m  Eq. (7), 
the impedance  which the tank mus t  p re sen t  to the tubes is Z t = 172 ohms.  

The na tu re  of the c o m p r o m i s e  which must  be made  in se lec t ing  tank 
Q is d e a r l y  indica ted  by Eq. (6). Although i nc r ea s ing  Q will  i n c r e a s e  
the s t ab i l i ty  of the o s c i l l a t o r  and d e c r e a s e  the h a r m o n i c  content  of 
vol tage  and cu r r en t  wavefo rms ,  it wil l  a l so  i n c r e a s e  the r e q u i r e d  va r  
handl ing capabi l i ty  of the tank capac i to r  and make  it p ropo r t i ona t e ly  
m o r e  expensive  (and bulkier ) .  On the bas i s  of the compute r  s i m u l a t i o n  
of the o sc i l l a to r ,  a nomina l  Q of 10 was se lec ted .  The c i r cu la t ing  tank 
c u r r e n t  is then,  by Eq. (5), 1430 amp r m s ,  and the range  of tank com-  
ponent  va lues  is given below. 

F requency ,  Ct ' /J f 
kHz L, /~ h 

10 274 0.825 

50 55 0.185 

The component  C t in Fig. 3 is ac tua l ly  composed  of two " tank"  capac i -  
t o r s  and two " feedback"  capac i to r s  in s e r i e s .  F u r t h e r  de ta i l s  on the 
se l ec t ion  of these  components  a re  given in Sect ion 4 .0 .  

L 

E t 

Ct 1% 

Figure 3. Simplified diagram of 1he plate tank circuit. 
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The Q c h o s e n  i n f l u e n c e s  the  d e s i g n  of e x p e r i m e n t s  which  wi l l  
u t i l i z e  the  o s c i l l a t o r  in the  fo l lowing  m a n n e r .  It is use fu l  to t ake  the  
v iew that  the  tubes  supply  the  p o w e r  to  the  load  but that  the  tank 
c a p a c i t o r  supp l i e s  the  r e a c t i v e  v a r s  r e q u i r e d  by the  load  coupl ing  coi l .  
If the  coupl ing  b e t w e e n  the  load  coupl ing  coi l  and the  p l a s m a  is t ight ,  
t h e n  the  coupl ing  coi l  wi l l  have  a Q of l e s s  than  10, and it can e a s i l y  be 
padded  wi th  s e r i e s  i nduc t ance  wi th in  the  o s c i l l a t o r  e n c l o s u r e ,  so  that  
the  e f f ec t i ve  Q of the  tank coi l  is 10. On the  o t h e r  hand,  if the  coupl ing  
is  l o o s e ,  the  coi l  wi l l  have  a Q g r e a t e r  t han  10. T h e r e  a r e  t h e n  two 
a l t e r n a t i v e s .  One is  to r e d u c e  the  p o w e r  output of the  o s c i l l a t o r  to 
avoid  e x c e e d i n g  the  v a t  or  c u r r e n t  r a t i n g  of the  tank c a p a c i t o r s .  The  
o t h e r  is to supply  the  e x t r a  v a r s  r e q u i r e d  by u s ing  an e x t e r n a l  c a p a c i -  
t o r  bank a c r o s s  the  l oad  coupl ing  coil .  More  de t a i l s  on th i s  p r o b l e m  
a r e  g i v e n  in  Sec t ion  4 . 0 .  

Not al l  of the  p o w e r  g e n e r a t e d  by the  tubes  r e a c h e s  the  load .  
m a t e d  c i r c u i t  l o s s e s  a r e  as fo l lows :  

P o w e r  input  to tubes  
P o w e r  output of tubes  

E f f i c i e n c y  of tubes  

L o s s e s  in  p la te  r e s i s t o r s  
D r i v i n g  p o w e r  
L o s s e s  
L o s s e s  
L o s s e s  
L o s s e s  
L o S s e s  

in tank coi l  
in p la te  choke  
in t r a n s m i s s i o n  l i n e  
in tank  coil s h i e l d  
in tank c a p a c i t o r s  

C i r c u i t  e f f i c i e n c y  
P o w e r  output of c i r c u i t  
O v e r a l l  e f f i c i e n c y  

E s t i -  

- 4, 640 kw 
- 3 ,520  kw 

- 0. 759 

- 109 kw 
- 4 8  k w  

- 3 8  k w  

- 2 6  k w  

- 1 5  k w  

- 7 k w  

- 7 kw 

250 kw 

- O .  9 2 9  

- 3 ,270  kw 
- O. 7 0 5  

Having s e l e c t e d  the  va lue s  of tank c i r c u i t  c o m p o n e n t s ,  one is  now in  
a p o s i t i o n  to s e l e c t  v a l u e s  fo r  the  shunt  f eed  c a p a c i t o r s  and chokes .  
The  p la te  shunt  f e e d  choke  is  d i r e c t l y  in p a r a l l e l  wi th  the  tank coi l  at the  
o p e r a t i n g  f r e q u e n c y .  Its va lue  is  not at a l l  c r i t i c a l ,  but i t  m u s t  be l a r g e  
enough  so that  it d o e s  not c a r r y  e x c e s s i v e  a - c  c u r r e n t .  A va lue  of 27 
m H  p l a t e - t o - p l a t e  (100 t i m e s  the  l a r g e s t  tank induc tance )  was  a r b i t r a r i l y  
s e l e c t e d .  The  m a x i m u m  a - c  c u r r e n t  t h r o u g h  the  choke  was then  14.3 
a m p  r m s .  The  choke  m u s t  be i n s u l a t e d  fo r  20 kv  f r o m  c e n t e r - t a p  to 
g round ,  and fo r  40 kv p l a t e - t o - p l a t e ,  and f r o m  e a c h  p la te  to g round .  
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The  c o m p u t e r  p r o g r a m  showed  that  the  coupl ing  b e t w e e n  the  two h a l v e s  
of the  choke  had s o m e  e f fec t  on the t r a n s i e n t  r e s p o n s e  of the  o s c i l l a t o r  
but was  o t h e r w i s e  u n i m p o r t a n t .  The  choke  f ina l ly  p u r c h a s e d  was of an 
i r o n  c o r e  d e s ig n ,  and the coupl ing  b e t w e e n  ha lve s  is  p robab ly  g r e a t e r  
than  0 .99 ,  a l though it has  not b e e n  m e a s u r e d .  It was  d i f f icu l t  to f ind 
a m a n u f a c t u r e r  fo r  the  choke,  p r i m a r i l y ,  it  s e e m s ,  b e c a u s e  of the  h igh  
v o l t a g e s  invo lved  and b e c a u s e  the  i r o n  l o s s e s  a r e  d i f f icul t  to e s t i m a t e .  

The  p l a t e - c o u p l i n g  c a p a c i t o r s  m u s t  m e e t  two r e q u i r e m e n t s .  F i r s t ,  
they  m u s t  have  su f f i c i en t  c u r r e n t - c a r r y i n g  capac i ty ,  and s e c o n d ,  they  
m u s t  have  su f f i c i en t ly  low i m p e d a n c e .  The  c o m p u t e r  p r o g r a m  s h o w e d  
the  c u r r e n t  t h r o u g h  e a c h  coupl ing  c a p a c i t o r  to be 185 amp  r m s  (highly  
n o n s i n u s o i d a l ) .  S ince  the  c a p a c i t o r  s t y l e  ava i l ab l e  had bush ings  r a t e d  
at only 100 amp,  it b e c a m e  n e c e s s a r y  to u se  two c a p a c i t o r s  in p a r a l l e l .  
E a c h  p a c k a g e  of th is  s t y l e  could hold a c a p a c i t a n c e  of 2 . 5  ~f, so a to ta l  
of 5 ~f was  u s e d  for  e a c h  coupl ing  c a p a c i t o r .  Th i s  va lue  e a s i l y  m e e t s  
the  s e c o n d  r e q u i r e m e n t  ( impedance ) ,  as can be v e r i f i e d  in two ways .  
F i r s t ,  the  i m p e d a n c e  of 5 ~f at 10 kHz is  only 3 .18  ~ ,  as c o m p a r e d  to 
the  tank i m p e d a n c e  of 172 ~ .  Second,  the  to ta l  p la te  c u r r e n t  of four  
tubes  is  116 am p  DC. T h e n  in one conduc t ion  p e r i o d  at 10 kHz,  a cou-  
p l ing  c a p a c i t o r  wil l  p a s s  a to ta l  c h a r g e  of 0 .0116  c o u l o m b s .  Th i s  c h a r g e  
wi l l  change  the  vo l t age  a c r o s s  the  coupl ing  c a p a c i t o r  by 2320 v. Th i s  
is the  p e a k - t o - p e a k  a - c  vo l t age  a c r o s s  the  c a p a c i t o r  and is  su f f i c i en t l y  
low c o m p a r e d  to the  1 7 , 4 0 0 - v  peak  r f  vo l t age  on e a c h  p la te ,  e s p e c i a l l y  
s i n c e  the  two v o l t a g e s  add in q u a d r a t u r e .  The  c o m p u t e r  p r o g r a m  showed  
l i t t l e  change  in w a v e f o r m  when  the  coupl ing c a p a c i t o r  was  changed  f r o m  
5 ~f to inf in i ty .  The  coupl ing  c a p a c i t o r s  a r e  r a t e d  at 20 kv  DC. 

T h e r e  a r e  four  g r i d  chokes ,  one for  e a c h  pa i r  of tubes .  The  i n d u c -  
t ance  of t h e s e  chokes  m u s t  be l a r g e  enough  so that  the  c u r r e n t  c a r r i e d  
by e a c h  choke  is s m a l l  c o m p a r e d  to the  g r i d  c u r r e n t  of a tube.  An 
i n d u c t a n c e  of 100 mH was c h o s e n  a r b i t r a r i l y .  Th i s  r e s u l t s  in a c u r r e n t  
t h r o u g h  the  choke  of 0 .38  amp  r m s ,  o r  0 .53  amp  peak,  as c o m p a r e d  to 
the  d - c  g r i d  c u r r e n t  of 3 .4  a m p  and peak  g r i d  c u r r e n t  of about 28 amp.  
The  chokes  w e r e  f a b r i c a t e d  l oca l l y ,  u s ing  C - c o r e s  wound wi th  4 - m i l  
s i l i c o n  s t e e l .  

The grid-coupling capacitors must be large enough so that the 
voltage developed across the capacitor by the flow of grid current will 
be small compared to the rf voltage on the grid. The design grid 
current is 3.4 amp DC per tube, or 3.4 x 10-4 coulombs per conduction 
period at 10 kHz. As a 2.5-~f, 1500-v capacitor was readily available, 
this value was selected. The peak-to-peak voltage across the capacitor 
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was then 136 v, su f f i c i en t ly  s m a l l  compared  to the peak r f  g r id  vol tage  
of 1680 v. The compute r  p r o g r a m  again  ve r i f i ed  that  the effect  on 
wave fo rms  of changing the gr id  coupling capac i to r  f rom 2.5  ~f to inf in i -  
ty was small. 

Filament bypass capacitors may not be strictly necessary, but 
they were inexpensive and were included as a precaution. The a-c 
cathode current of the tube should divide evenly between the two fila- 
ment legs and should flow to the filament transformer center-tap 
through the leakage inductance of the two halves of the transformer 
secondary winding (which will not be perfectly coupled). However, 
since the leakage inductance of the secondary was unknown, bypass 
capacitors were included which were large enough to handle the entire 
cathode current of the tube. A current of 5 ~f was used from each 
f i l amen t  leg to the top of the cathode cu r r en t  shunt.  The p e a k - t o - p e a k  
r f  vol tage a c r o s s  the capac i to r s  ca lcu la tes  (by the s a m e  methods  used 
with the p la te -  and g r id - coup l ing  capaci tor )  to be 324 v, which is 
s m a l l  compared  to the peak gr id  vol tage of 1680 v. The capac i t o r s  
were  r e t u r n e d  to the shunt  and not to ground,  so that  the ins t an taneous  
cathode c u r r e n t  could be m e a s u r e d  by the shunt.  This  was not e n t i r e l y  
s u c c e s s f u l  (see Sect ions  6.4 and 7.3).  The f i l amen t  bypass  c a p a c i t o r s  
a r e  p h y s i c a l l y  l a r g e  and a re  s e l f - r e s o n a n t  at s e v e r a l  hundred kHz. To 
p reven t  the impedance  f r o m  f i l amen t  to ground f r o m  becoming uncon-  
t ro l l ed  at high f r e q u e n c i e s ,  s m a l l  0 .05 -~f  m i c a  capac i t o r s  were  a l so  
connected f rom f i l amen t  to ground. The l a r g e s t ,  lowes t  inductance  
l eads  p r a c t i c a l  were  used f rom the f i l amen t  connec tors  on the tubes  
to these  capac i to r s .  

Although the oscillator is not required to operate at frequencies 
above 50 kHz, the tubes used have gain at frequencies up to perhaps 
i00 MHz. Unless precautions were taken, it seemed likely that parasi- 
tic oscillations would occur at some frequencies in this range. Two 
sources of parasitic feedback were identified. First, the tank capaci- 
tors themselves became self-resonant at about 500 kHz. To avoid 
aggravating this problem, the largest, lowest inductance connections 
possible were used to interconnect tank capacitors (see Section 5. i). 
Then, a low-pass, critically damped LC network, consisting of the 
parasitic choke and resistor and the grid bypass capacitors, was insert- 
ed in series with each grid. This network essentially disconnects the 
grids from the tank circuit for frequencies above 300 kHz and prevents 
feedback from the tank for frequencies for which the tank impedance 
is uncontrolled. 
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The second feedback path is th rough the tube g r i d - p l a t e  capac i tance .  
Feedback  th rough  th is  path could be caused by the inductance  of the 
plate r e s i s t o r s  and in te rconnec t ing  conductors ,  and t r a n s m i s s i o n  l ine  
ef fec ts .  This  feedback is p reven ted  by connect ing capac i to r s  with the 
lowes t  poss ib le  inductance  between gr id  and f i l ament .  These  capac i to r s  
f o r m  a vol tage d iv ider  in conjunct ion with the g r i d - p l a t e  and g r id -  
f i l amen t  capac i t ances ,  with a d iv i s ion  r a t i o  of 44 to 1. Since the 
ampl i f i ca t ion  f ac to r  of the tube is only 45, p a r a s i t i c  o sc i l l a t i on  th rough  
th is  path is imposs iMe.  Six 500-pf, 5-kv c e r a m i c  capac i to r s  were  
mounted d i r ec t l y  on the gr id  connec tor  r ing  of each tube and were  
connected by shor t ,  heavy s t r a p s  to the f i l amen t  connec tors .  These  
capac i to r s  a l so  f o r m  a component  of the l ow-pas s  p a r a s i t i c  ne twork .  
At the opera t ing  f requency ,  they a re  in p a r a l l e l  with the feedback 
capac i to r s ,  al though they a re  sma l l  enough to be neglec ted .  

The dummy load,  while not a component  of the o sc i l l a t o r  i t se l f ,  was 
r e q u i r e d  fo r  shakedown. It was cons t ruc ted  of w a t e r - c o o l e d  s t a i n l e s s  
s t ee l  tubes and was provided with s l iding c lamps ,  so that  the to ta l  r e s i s -  
t ance  could be va r i ed .  Tota l  wa te r  flow and t e m p e r a t u r e  r i s e  were  m e a -  
su red  and were  used to ca lcula te  the power output of the o sc i l l a t o r .  F o r  
shakedown, the dummy load was connected in s e r i e s  with the tank coil .  

3.0 DIGITAL COMPUTER SIMULATION PROGRAM 

If the des ign  of a c lass  C o s c i l l a t o r  is c a r r i e d  out ana ly t i ca l ly  
using the usual  c l a s s i c a l  techniques  (Refs. 1 and 2), s e v e r a l  i dea l i z a -  
t ions  mus t  be made.  The tank Q mus t  be a s sumed  to be inf ini te  and 
the phase  shi f t ing effects  of shunt feed components  mus t  be neg lec ted ,  
because  the p r o c e d u r e  r e q u i r e s  the gr id  and plate  vol tages  to be 
s inuso ida l  and in phase.  It is thus not poss ib le  to study the effect  of 
f in i te  tank Q and of gr id  c i r cu i t  d r iv ing  impedance  on wavefo rms .  
Further~more,  only s t e a d y - s t a t e  so lu t ions  can be obtained,  and it is  not 
poss ib le  to study t r a n s i e n t  r e s p o n s e  and s tab i l i ty .  The c l a s s i c a l  t e ch -  
nique a lso  r e q u i r e s  a g r aph i ca l  i n t eg ra t i on  to be c a r r i e d  out by hand, 
which l i m i t s  the accu racy  of the technique.  

Analog compute r  s imu la t i on  of the c i r cu i t  is not gene ra l l y  poss ib le  
because  of the highly non l inea r  na ture  of vacuum tubes.  Although 
funct ion g e n e r a t o r s  a re  ava i lab le  which can produce a non l i nea r  funct ion 
of a s ingle  va r i ab le ,  a tube mus t  be de sc r ibed  by two funct ions  (grid 
c u r r e n t  and plate  cur ren t ) ,  each  a funct ion of two v a r i a b l e s  (grid vol tage  
and plate  voltage).  
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It is now e c o n o m i c a l l y  p o s s i b l e ,  h o w e v e r ,  to s i m u l a t e  the  o p e r a t i o n  
of a v a c u u m  tube c i r c u i t  d ig i t a l ly ,  b e c a u s e  of the  g e n e r a l  ava i l ab i l i t y  
of f a s t  d ig i t a l  c o m p u t e r s  wi th  l a r g e  m e m o r i e s .  The  tubes  can be 
d e s c r i b e d  wi th  a r b i t r a r y  a c c u r a c y  by t w o - d i m e n s i o n a l  t ab l e s .  The  
c i r c u i t  equa t ions  can be i n t e g r a t e d  by any of s e v e r a l  n u m e r i c a l  t e c h n i -  
ques ,  aga in  with a r b i t r a r y  a c c u r a c y .  The  t e c h n i q u e  has  b e e n  u s e d  
e x t e n s i v e l y  to s tudy the  b e h a v i o r  of gu ided  m i s s i l e s  and o t h e r  c o m p l e x  
n o n l i n e a r  d y n a m i c  s y s t e m s .  The  c i r cu i t  of the  o s c i l l a t o r  was  s t u d i e d  
by th i s  t e c h n i q u e ,  and the  r e s u l t s  w e r e  fe l t  to be well  w o r t h  the  t i m e  
spen t .  B e c a u s e  m a n y  of the  c o m p o n e n t s  of the  o s c i l l a t o r  w e r e  e x p e n -  
s ive  and r e q u i r e d  long l e a d  t i m e s ,  u n e x p e c t e d  c i r c u i t  d i f f i cu l t i e s  wh ich  
r e s u l t e d  in d a m a g e  to c o m p o n e n t s  or  r e q u i r e d  changing  c o m p o n e n t  
v a l u e s  would have  had s e r i o u s  c o n s e q u e n c e s .  

3.1 STATE VARIABLE EQUATIONS 

B e c a u s e  of t he  f a v o r a b l e  r e s u l t s  which  w e r e  ob ta ined  wi th  th i s  
m e t h o d  of s i m u l a t i o n ,  it s e e m s  a p p r o p r i a t e  to inc lude  in the  fo l lowing  
p a r a g r a p h s  a b r i e f  d e s c r i p t i o n  of the  m e t h o d  and of our  e x p e r i e n c e  
wi th  it. 

The  c i r c u i t  to be s tud i ed  is d rawn,  and the  e n e r g y  s t o r a g e  e l e m e n t s  
(in th is  c a s e  c a p a c i t o r s  and i n d u c t o r s )  a r e  iden t i f i ed .  (In a m o r e  
g e n e r a l  ca se ,  e n e r g y  s t o r a g e  e l e m e n t s  would inc lude  m a s s e s ,  s p r i n g s ,  
p r e s s u r e  v e s s e l s ,  e tc .  ). A v a r i a b l e  is c h o s e n  which  wi l l  d e t e r m i n e  
the  e n e r g y  s t o r e d  in each  such  c o m p o n e n t  (for  e x a m p l e ,  the  vo l t age  
a c r o s s  e a c h  c a p a c i t o r  and the  c u r r e n t  t h r o u g h  e a c h  induc to r ) .  T h e s e  
a r e  known as the  s y s t e m  " s t a t e  v a r i a b l e s .  " They c o m p l e t e l y  d e s c r i b e  
the  p r e s e n t  s t a t e  of the  s y s t e m  in the s e n s e  that  if the  v a l u e s  of the 
s t a t e  v a r i a b l e s  a r e  known at t = 0, and if the  v a l u e s  of al l  inputs  to the  
s y s t e m  a f t e r  t = 0 a r e  known,  then  the  r e s p o n s e  of the  s y s t e m  is  
un ique ly  d e t e r m i n e d .  (In the  p r e s e n t  c a s e  t h e r e  a r e  no e x t e r n a l  inputs ;  
the  p r o b l e m  is e s s e n t i a l l y  to d e t e r m i n e  the  r e s p o n s e  of an i s o l a t e d  
s y s t e m  to i ts  in i t i a l  cond i t ions .  ) 

Having s e l e c t e d  the  s y s t e m  s t a t e  v a r i a b l e s ,  one m u s t  next  e x p r e s s  
al l  of the  i n t e r e s t i n g  v o l t a g e s  and c u r r e n t s  in the s y s t e m  in t e r m s  of 
the  s t a t e  v a r i a b l e s .  In doing th i s ,  one can d e s c r i b e  n o n l i n e a r  p a s s i v e  
e l e m e n t s  in the  s y s t e m  e i t h e r  by ana ly t i ca l  e x p r e s s i o n s  (in s i m p l e  
c a s e s )  o r  by t a b l e s  (in m o r e  c o m p l i c a t e d  c a s e s ) .  C e r t a i n  t r o u b l e s o m e  
cond i t ions  can o c c u r  at th i s  s t ep  if, f o r  e x a m p l e ,  e v e r y  path f r o m  a 
p a r t i c u l a r  node  con ta ins  an i nduc t ance ,  o r  if the  n e t w o r k  con ta ins  
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loops  c o m p o s e d  e n t i r e l y  of c a p a c i t o r s .  To r e s o l v e  t h e s e  d i f f i cu l t i e s  
the  r e a d e r  is  r e f e r r e d  to t ex t s  on n e t w o r k  t h e o r y  (Ref. 3). 

F i n s l l y ,  one w r i t e s  a s i ng l e  f i r s t - o r d e r  d i f f e r e n t i a l  equa t ion  f o r  
e a c h  s t a t e  v a r i a b l e  wh ich  e x p r e s s e s  the  r a t e  of change  of that  v a r i a b l e  
in  t e r m s  of the  v a l u e s  of the s t a t e  v a r i a b l e s  at that  i n s t an t .  T h e s e  
equa t i ons  a r e  known as the  s y s t e m  s t a t e  v a r i a b l e  equa t ions .  

As an e x a m p l e ,  c o n s i d e r  the  s e r i e s  LCR c i r c u i t  shown  in F ig .  4, 
in wh ich  the  r e s i s t o r  is  n o n l i n e a r  and is c h a r a c t e r i z e d  by e R = R i~ .  
The  e n e r g y  s t o r a g e  e l e m e n t s  a r e  L and C, and as s t a t e  v a r i a b l e s ,  e C 
and i L a r e  s e l e c t e d .  In t e r m s  of the  s t a t e  v a r i a b l e s ,  the  i m p o r t a n t  
v o l t a g e s  and c u r r e n t s  a r e  g iven  by 

e R = R il 3. 

e L = e C - e R = e C - R i 3 

i C = i L 

The r a t e s  of change  of s t a t e  v a r i a b l e s  a r e  g i v e n  by 
o ] ] . 
ec = ~ ic = - ~ ' L  

1 0 
T h e s e  l a s t  two equa t i ons  a r e  the s t a t e  v a r i a b l e  e q u a t i o n s  fo r  the  c i r c u i t .  

L f eL 
T 3 e C e R -- R i L 

C 

R 1 eR 
:t C 

Figure 4. Circuit with nonlinear resistor used as an example 
in writing state variable equations. 
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The s t a t e  v a r i a b l e  equa t ions  a r e  i n t e g r a t e d  s t ep  by s tep ,  b e g i n n i n g  
wi th  the  in i t i a l  cond i t ions ,  to obta in  a t i m e  h i s t o r y  of the  p e r f o r m a n c e  
of the  s y s t e m .  The  s i m p l e s t  way of doing th i s ,  known as E u l e r ' s  
m e t h o d ,  is to a p p r o x i m a t e  the  va lue  of a v a r i a b l e  at t i m e  t + At by 

O 
x(t + At)  ~ffi x(t) ÷ At  • x(t) 

( see  Fig.  5). S ince  the  s t a t e  v a r i a b l e  equa t ions  g ive  the  r a t e s  of 
change  of al l  of the  s t a t e  v a r i a b l e s  at t i m e  t, t h e i r  va lues  can be e s t i -  
m a t e d  at t i m e t +  At. The  r a t e s  of change  at t i m e t  + At can then  be 
eva lua t ed ,  the  va lues  of the  s t a te  v a r i a b l e s  at t i m e  t + 2At can be e s t i -  
m a t e d ,  and so for th .  E u l e r ' s  m e t h o d  is n e v e r  u s e d  in p r a c t i c e ,  b e c a u s e  
i ts  a c c u r a c y  is i nadequa te  u n l e s s  At is  v e r y  s m a l l .  O the r  m e t h o d s  
a r e  ava i l ab l e  which  can u se  a m u c h  l a r g e r  s t ep  s i ze  with a c c e p t a b l e  
a c c u r a c y  and thus  c o n s e r v e  c o m p u t e r  t i m e  (Refs.  4 and 5). The  
f o u r t h - o r d e r  R u n g e - K u t t a  m e t h o d  was u s e d  in s tudy ing  the  o s c i l l a t o r .  

x ( t  + A t ) -  

x ( t )  m 

l 
~ t e  o f  

x ( t  + a t )  

3.2 

t t + A t  

Figure 5. Euler's method for integrating state variable equations. 

LIMITATIONS OF SIMULATION TECHNIQUES 

t 

Al though d ig i t a l  c o m p u t e r  s i m u l a t i o n  has  advan t ages  wh ich  have  
b e e n  m e n t i o n e d ,  l i m i t a t i o n s  of the  t e c h n i q u e  w e r e  a l so  e n c o u n t e r e d .  
Some  c i r c u i t s  a r e  d i f f icu l t  to hand le .  When  an a t t e m p t  was  m a d e  to 
inc lude  the  p la te  r e s i s t o r s  {Fig. 2) in the  c o m p u t e r  m o d e l ,  it was  
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found that  the  p la te  c u r r e n t  could not be c a l c u l a t e d  unt i l  p la te  vo l t age  
was known (s ince  p la te  vo l t age  is a t ab le  a r g u m e n t ) ,  and p la te  vo l t age  
could not  be c a l c u l a t e d  unt i l  p la te  c u r r e n t  was  known ( b e c a u s e  of the  
p r e s e n c e  of the  p la te  r e s i s t o r ) .  T h e r e  w e r e  two ways  out of the  d i f f i -  
cul ty .  One was to r e c a l c u l a t e  the  p la te  c u r r e n t  t ab le  to,  in e f fec t ,  in -  
c lude  the  r e s i s t o r  as p a r t  of the tube.  Th i s  a p p r o a c h  was d e e m e d  too 
t e d i o u s .  The  o t h e r  was  to i t e r a t e  to f ind a p la te  vo l t age  which  r e s u l t e d  
in a p la te  c u r r e n t  wh ich  r e s u l t e d  in  the  a s s u m e d  p la te  vo l t age .  T h i s  
c o u r s e  was  s u c c e s s f u l l y  t aken ,  but e x t r e m e  m e a s u r e s  w e r e  n e c e s s a r y  
to ob ta in  c o n v e r g e n c e  at low pla te  v o l t a g e s  and h igh  g r i d  v o l t a g e s .  

A n o t h e r  l i m i t a t i o n  is caused  by the  r e l a t i o n s h i p  b e t w e e n  At and 
e r r o r .  B e c a u s e  the  s a m p l i n g  e r r o r  v a r i e s  a p p r o x i m a t e l y  as (At)5, 
t h e r e  is a l m o s t  a t h r e s h o l d  ef fec t .  Below a c e r t a i n  s t ep  s i z e ,  a c c u r a -  
cy is v e r y  good and is l i m i t e d  only by the  c o m p u t a t i o n a l  a c c u r a c y  of 
the  c o m p u t e r  ( s ix  d e c i m a l  d ig i t s  in th is  case) .  Above th is  s t ep  s i z e ,  
e r r o r s  r a p i d l y  b e c o m e  i n t o l e r a b l e ,  and the n u m e r i c a l  so lu t i on  m a y  
b e c o m e  uns t ab l e .  The  l i m i t i n g  s t e p  s i z e  is ,  r o u g h l y  speak ing ,  a 
f r a c t i o n  of a p e r i o d  at the h i g h e s t  n a t u r a l  f r e q u e n c y  in the  s y s t e m .  
This  m e a n s  that  it is not  e c o n o m i c a l  to i n c o r p o r a t e  al l  of the  known 
high  f r e q u e n c y  c o m p o n e n t s  into the  c o m p u t e r  m o d e l  of the  c i r cu i t .  In 
p a r t i c u l a r ,  the  tube g r i d - p l a t e  c a p a c i t a n c e  and the  p a r a s i t i c  s u p p r e s -  
s ion  n e t w o r k  w e r e  not  inc luded  in the  c o m p u t e r  m o d e l .  In one c o m p u -  
t e r  run ,  the  n u m e r i c a l  so lu t ion  b e c a m e  uns t ab l e  when  the  coe f f i c i en t  
of coupl ing b e t w e e n  p la te  choke  ha lves  was i n c r e a s e d  f r o m  0 .8  to 
0 .99 .  The  r e s u l t i n g  d e c r e a s e  in the  l e a k a g e  i nduc t ance  of the  choke  
c a u s e d  the p r o b l e m .  

The  p r o b l e m  can be v i e w e d  f r o m  a n o t h e r  angle .  If it  is  d e s i r e d  
to r u n  a so lu t ion  f r o m  an in i t i a l  cond i t ion  unt i l  s t e a d y  s t a t e  is r e a c h e d ,  
t h e n  the  so lu t i on  m u s t  be run  unt i l  t equa l s  s e v e r a l  p e r i o d s  at the  
l o w e s t  n a t u r a l  f r e q u e n c y  in the  s y s t e m .  H o w e v e r ,  At m u s t  be no 
m o r e  than  a f r a c t i o n  of a p e r i o d  at the  h i g h e s t  n a t u r a l  f r e q u e n c y  in the  
s y s t e m .  T h e r e f o r e ,  the  n u m b e r  of s t e p s  which  m u s t  be c o m p u t e d  
(as well  as the  amoun t  of c o m p u t e r  t i m e  used)  is p r o p o r t i o n a l  to the  
r a t i o  of the  h ig h es t  to the  l o w e s t  n a t u r a l  f r e q u e n c y  in  the  s y s t e m .  
Thus ,  e c o n o m i c  c o n s i d e r a t i o n s  m u s t  be i nc luded  in the  d e c i s i o n  as to 
how m u c h  h igh  f r e q u e n c y  de t a i l  to inc lude  in the  c i r c u i t  m o d e l .  

It was s o m e w h a t  of a s u r p r i s e  to r e a l i z e  then  when  the  c i r c u i t  
be ing  s i m u l a t e d  m i s b e h a v e d ,  the  s i m u l a t o r  p r o g r a m  m i g h t  o f fe r  no 
m o r e  i nd i ca t i on  to the  d e s i g n e r  as to the cause  of the  p r o b l e m  than  
the  ac tua l  h a r d w a r e  would.  The  d e s i g n e r  s t i l l  d e r i v e s  two a d v a n t a g e s  
f r o m  the  p r o g r a m ,  h o w e v e r .  F i r s t ,  he can e x p e r i m e n t  wi th  no f e a r  
of d a m a g i n g  e x p e n s i v e  equ ipmen t ;  s econd ,  he can m e a s u r e  v i r t u a l l y  
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any v a r i a b l e  wi th  the  p r o g r a m ,  w h e r e a s  m a n y  m e a s u r e m e n t s  a r e  
i m p o s s i b l e  wi th  the  h a r d w a r e .  

3.3 DESCRIPTION OF THE COMPUTER PROGRAM 

Some b r i e f  c o m m e n t s  wi l l  be m a d e  on the  c o m p u t e r  p r o g r a m  which  
was  used .  It is  w r i t t e n  in FORTRAN IV. The  p r o g r a m  c o n s i s t s  of a 
MAIN r o u t i n e  and s e v e n  s u b r o u t i n e s .  MAIN i n i t i a l i z e s  the  p r o g r a m  
and ca l l s  s u b r o u t i n e s  as n e c e s s a r y .  Subrou t ine  INPUT r e a d s  f r o m  
c a r d s  c o m p o n e n t  v a l u e s ,  in i t i a l  cond i t ions ,  and con t ro l  i n f o r m a t i o n  
such  as to ta l  r un  t i m e ,  At, p l o t t e r  se tup  i n f o r m a t i o n ,  e tc .  Af t e r  
e a c h  run ,  a n o t h e r  se t  of c a r d s  is  r e a d  wh ich  changes  c o m p o n e n t  
v a l u e s  o r  in i t i a l  cond i t ions ,  and a n o t h e r  r un  is m a d e .  Subrou t ine  
D I F F E R  p e r f o r m s  the  R u n g e - K u t t a  i n t e g r a t i o n .  F o u r  t i m e s  d u r i n g  
e a c h  s t e p  of &t, it  ca l l s  s u b r o u t i n e  DERIV, which  c a l c u l a t e s  the  
r a t e s  of change  of s t a t e  v a r i a b l e s .  

Subrou t ine  DERIV is r e a l l y  the  h e a r t  of the  p r o g r a m ,  as it 
con ta ins  the  s t a t e  v a r i a b l e  d e s c r i p t i o n  of the  c i r cu i t .  One v e r s i o n  
of s u b r o u t i n e  DERIV,  shown in Fig .  6, can be c o m p a r e d  wi th  the  
c o r r e s p o n d i n g  c i r cu i t  m o d e l  in Fig .  7. Most  of the  f e a t u r e s  of the  
c i r c u i t  can e a s i l y  be iden t i f i ed  among  the  equa t ions .  The  only 
c o m p i i c a t i o n  o c c u r s  in the equa t ions  d e s c r i b i n g  the  coupled  i n d u c t o r s  
and the  choke  in the p la te  supply  l e a d  (one of the  t r o u b l e s o m e  c a s e s  
m e n t i o n e d  e a r l i e r ) .  The  p r o g r a m  a s s u m e s  e ight  i d e n t i c a l  t ubes .  
Some  c o n s i d e r a t i o n  was g iven  to inc lud ing  e igh t  s e p a r a t e  tubes  in the  
c i r c u i t  and i n v e s t i g a t i n g  the  m a n n e r  in  wh ich  they  d iv ided  the  load .  
Unfo r tuna t e ly ,  no one knew enougia about the  d i f f e r e n c e s  b e t w e e n  
ind iv idua l  tubes  to m a k e  s u c h  an i n v e s t i g a t i o n  p o s s i b l e .  

F u n c t i o n s  I P L A T E  and IGRID a r e  ac tua l ly  two ca l l s  to a s i n g l e  
func t ion  s u b r o u t i n e  wh ich  c a l c u l a t e s  the  c u r r e n t s  by l i n e a r  i n t e r p o l a -  
t ion  in two 2 - d i m e n s i o n a l  t ab l e s .  T h e s e  t a b l e s  occupy a l a r g e  
amoun t  of m e m o r y ,  and i n d i c a t i o n s  a r e  tha t  the  i n t e r p o l a t i o n  r e q u i r e d  
c o n s u m e s  o v e r  ha l f  of the  c o m p u t e r  t i m e  used .  H o w e v e r ,  no a t t e m p t  
was  m a d e  to s i m p l i f y  the  t a m e s  at the  e x p e n s e  of a c c u r a c y .  In i t i a l ly  
the  t a m e s  c o v e r e d  only the  r e g i o n  of the  tube c h a r a c t e r i s t i c  in the  
v i c in i t y  of the  s t e a d y - s t a t e  load  l ine .  Inva r i ab ly ,  a s t a r t i n g  t r a n s i e n t  
would ge t  out of th is  a r e a  in one d i r e c t i o n  o r  a n o t h e r ,  and the  t a b l e s  
w e r e  e x t e n d e d  in s e v e r a l  s t a g e s ,  unt i l  now they  c o v e r  the  e n t i r e  
p u b l i s h e d  tube c h a r a c t e r i s t i c .  The  p la te  ac tua l ly  b e c o m e s  n e g a t i v e  
fo r  pa r t  of the  cyc le  wi th  v e r y  l igh t  loads .  In th i s  r e g i o n  the  g r i d  
c u r r e n t  is  c a l cu l a t ed  a n a l y t i c a l l y  by a m e t h o d  d e r i v e d  f r o m  Ref. 6. 
F i g u r e s  8 and 9 show the  ex ten t  of the  p la te  and g r i d  c u r r e n t  
t a m e s ,  r e s p e c t i v e l y .  
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Figure 6. SubroulJne D E R I V ,  containing the state variable 
equations for the circuit shown in Fig. 7. 
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Subrout ine  PRINT p r in t s  the t ime  h i s t o r y  of any d e s i r e d  v a r i a M e s .  
A s a m p l e  output is  shown in Fig.  10. Subrout ine P L O T  s t o r e s  va lues  
of any d e s i r e d  v a r i a b l e s  dur ing  the ca lcu la t ion  and then  plots  t hem 
aga ins t  t i m e  or  each  o ther .  Seve ra l  examples  wil l  be d i s c u s s e d  l a t e r .  
Subrout ine  AVERAG is inac t ive  unt i l  t ime  TAVE, which is  r e a d  f r o m  
an input card.  P resumably0  by th is  t ime  the c i r cu i t  is in a s t e a d y -  
s t a t e  condit ion.  It looks  for  a ze ro  c r o s s i n g  of the tank cu r r en t .  It 
then  a v e r a g e s  any d e s i r e d  v a r i a b l e  for  exac t ly  one cyc le  of output. It 
can ca lcu la te  ave rage  value ,  r m s  value (with o r  without d - c  component) ,  
or  m e a n  squa red  value.  Af ter  a second ze ro  c r o s s i n g  in the  s a m e  
d i r e c t i o n  is  found, the run  is  t e r m i n a t e d  and the a v e r a g e s  a r e  p r in ted .  
Th i s  subrou t ine  is  used  to ca lcu la te  power  output, p la te  d i s s ipa t ion ,  
supply  cu r r en t ,  e l ec t rode  cu r r en t ,  etc.  F igu re  11 shows an example .  

RUN NO 12,  CKT NO 5 .  STN;TI AS IK I I LT t  EB • 2Oo0OO. MITHQUT GUIL KUTUAL IND.  
ZT SEPTEflBERt 1974.  . . . . . . . . . .  

SFT N( 8 )  NOPLOT 0 
PLOT 0 0 O O* LO0, O* S,  
PLOT 12 1 L6 O, IOO,E-O6 O° SO00, 
PLOT - ' - L 2  2 lO O, lO0 ,E -Ob  O, SOO0o 
PLOT 12 3 lC  O, lOO,E-Ob O, SOOO, 
PLOT 0 0 0 O, LO0, - 2 , 4  , 4  
PLOT IZ  4 L6 O, 1 0 0 , E - 0 6 - 2 4 0 0 ~  4 0 0 .  
PLOT | 2  S LG O, 100,  E - 0 6 - 2 4 0 0 ,  *~OO, 
PLOT 12 6 10 O, I O 0 , E - O b - 2 4 0 0 ,  ~OO, 
PLOT 0 0 O O, lOO, O, LOO, 
PLOT IZ  7 16 O, IO0 ,E -Ub  O, ___ .100 ,  
PLOT | 2  8 10 O, IO0 ,  E-Ub O, 100,  
PLOT 12 9 10 0 ,  lO0 ,E -Ob  0 . . . .  LQO, 
PLOT 0 0 0 0 ,  100,  O, 20,  
PLOT |2  10 16 O, LOO,E-06 O, 2 0 ,  
PLOT 
PLOT 
PLm 
PLOT 
PLOT 
PLOT 
PLOT 
SET 
S FT 
SE T 
SET 
SET 
SET 
SET 
SET 
S E? 
SIT 
SET 
SET 
SET 
SET 
SET 
SET 
SET 
SET 
SET 
SET 
SET 
GO 

12 LL 1C O, LOO,E-06 O.  
0 0 0 O, 2 ,  - 2 , 4  
! 4 [ 6  O. 2000 ,  - Z 4 0 0 ,  
Z 5 10 O, ZOO0, - Z 4 0 0 ,  
0 0 C O, 100,  O, 

L2 . . . .  13 16 O. IOOeE-Ob O. 

20 .  
..4 

4 0 0 .  
400°  
100 .  
100 .  

l ~  14 l ¢  O, IOO,E-O6 
A I31L1  V l  2OOOO, 
A(3121 V2 - l d O ,  
A( lJ  ECl -160o 
A¢ 21 SO2 - 1 8 0 .  
A( 31 _EG3 20000 .  

0 .  lOO. 

A¢ 4 )  tC4  ZOOOOo 
Sl  S) E¢5 5°  
AI  6 )  SGb - 5 .  
&| 7)  ECT O. 
41 8 |  EC8 O, 
AI 211 . J L J  O.  
A| 22 |  | L2  0 ,  
&l  Z31 l L3  8 0 ,  
A( 241 I L4  80 ,  
A( 271 IL7 O, 
AI 24J I L8  O° 
A(2321 TOELTA O,S 
A(2331  T&VE 12SO, 
A | Z J 4 |  TI4AX LSOO, 
N| 11 NPRINT S 
N( 2)  NPLOT 3 

i- - 06  
E -06  
E-06 

a. Printout of input cards 
Figure 10. Sample printout produced by subroulJne PRINT. 
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T IME EP 1 EG1 
MICROSEC VOL.TS VOLTS 

EP2 . . . .  EG2 
VOLTS VOLTS 

1259.766 31680.602 - 1 8 4 0 , 0 1 5  
! 1 0 3 9 . 1 1 6  2 6 1 . 6 6 0  

1262,266 3 4 9 1 3 . 6 4 8  - 2 2 5 1 . 5 1 8  
6~940977 5820045 

1 2 6 4 . 1 6 5  3 6 1 8 7 . 0 6 3  - 2 5 3 7 . 4 9 8  
• _ _  3301___.067 6 7 4 . 3 1 9  

I P l  IGL EL [L3  18 
AMP&RE~__.ANPERES _..VOLTS ARPERES ANPkRES 

I P 2  | 8 2  F.2 I 1 4  IC 
AMPERES AMPERES . . . .  VOLT~ - AM#ERES 4~I4PERES 

0 . 0  0 . 0  - 1 3 4 . 3 1 1  1 1 1 . 4 4 3  2 0 9 . 4 0 2  
355.048 - 3 . 0 6 1  ~838~338 91 .959  21 .325  

0 , 0  0 , 0  -1860266 690284 129.666 
510.999 _ 3 2 2 . 0 3 5 ~ 8 4 9 . 5 5 4  60 .38Z  220181 

O.O 0 . 0  - 8 9 4 0 ~ 3 5  5 8 . 2 4 6  113.328 
527.621 950684 -908°669  55.08~ 240446 

C~T ECNP ECNG 
VULTS VULTS VULTS 

1 

000 2 1 3 5 9 . 8 8 1  - 1 8 6 . 1 7 1  

0 . 0  2 0 1 0 4 0 3 1 3  - 8 3 1 , 1 3 t  

0 . 0  i g l t t o G 6 3  - 9 3 | . 5 8 9  

IC1 ILT 

5 8 . 1 3 9  - 1 3 8 2 , 0 9 3  

134, G4~ -BOG,ZAI  

| G . 5 1 1  - A 1 3 , 4 5 1  

BEGIN LAST CY_CLE. TIME s, 128 ,5 .163  MICROCECQNDS.. . . . . . . . . . . .  

1 2 6 7 0 2 6 4  355~L.590 - 2 5 8 4 . 5 5 9  0 . 0  0 . 0  - 1 0 0 4 ~ 7 6 3  18.6~8 1600260  
2561 ,837  561,0~0 380.818 8 1 . 1 1 7  - 968 ,678  81 .63Z 26 .159  

0 , 0  1 9 0 5 1 0 1 1 1  - 1 0 0 8 . 1 6 C  81.385 ~1~;d6 

~J 

0 . 0  - 1 0 7 3 0 6 5 2  111.471 

0 . 0  - 1 0 8 3 . 0 1 3  1 5 8 . 6 9 9  
o . o  - 9 ~ 5 ~ 5 [ o  172.~o~ 
0 . 0  - 1 0 3 3 . 5 3 8  1 8 0 . 9 6 8  
000 - 8 9 4 . 9 0 4  191.470 

2 4 3 0 1 5 3  0 . o  
. 2 8 . 0 0 6  
3 3 0 0 9 0 0  0 0 0  

21 .111  
3 7 8 . 4 3 8  000 

2 6 0 1 4 8  
0 . 0  - 9 5 9 . 5 6 8  1 7 4 . 5 8 2  
_0. o - 8 1 6 :  868__ _19_2_. 0~,3 
0 . 0  -8840004 140.946 2980214 O.O 
0 . 0  - 7 5 4 , 2 1 6  157.328 22.,~13 
3 3 4 8  - 8 3 7 . 1 7 5  91 ,921  197,249 0 , 0  
O.O - 7 3 5 . 5 4 2  1050328 21 .325  

1269.164 332290793 - 2 3 9 9 . 2 4 1  0 . 0  
4274 .021  320.827 291 .146  

1 2 7 2 . 2 6 3  29626.465 - 1 9 9 1 , 6 1 7  0 . 0  
8310~11~_.. - 3 2 . 1 v 2  5 h 5 6 0  

1 2 7 4 . 7 6 3  25176.480 - | 4 1 4 . 4 4 2  0 . 0  
14318.059 - 4 6 7 . 3 0 3  0 . 0  

1277,262 2 0 3 6 2 0 ~ 5  - 1 6 9 . 5 4 3  0 . 0  
20769o961 - 9 3 8 , 1 5 3  0 . 0  

1 2 7 9 . 7 6 2  1 5 6 6 2 . 0 0 4  - 2 0 2 . 1 1 9  3 4 . 6 0 5  
26831,152 - 1 3 9 8 . 3 7 6  0 . 0  

1 2 8 2 . 2 6 1  L 0 9 6 2 . 0 5 5  2 7 4 0 1 4 5  3 6 0 . 4 3 0  
31733,422 - 1 8 4 7 . 0 7 8  0 . 0  

1284.760 6432 ,094  585.312 512,571 
349330418 -22020 737 0 . 0  

1287,260 "3272 ,97 |  674,110 525.632 
3 6 1 7 3 . 4 5 3  - Z 5 3 9 . 0 9 9  0 . 0  

1 2 8 9 . 7 6 0  2 5 7 5 . 6 6 7  5 6 4 . 3 0 8  3 8 0 . 1 9 2  
354980438 - 2 5 8 1 . 9 4 7  0 . 0  

1292,259 4324,492 31605|2 289,919 
33163.285  - 2 3 9 2 . 9 2 4  0 . 0  

1294. 758 8457.668 -370 198 48.  950 
29543.90_2_~198 h 8|  g 0 . 0  

12970258 14420,133 - 4 7 3 , 5 5 9  0 . 0  
25085.707 - 1 ~ 0 2 . 9 6 9  OoO 

366.635 0 . 0  
240067 

1299.157 20870,133 -9440 884 
20271.336  - 7 T 8 , 0 8 9  

1302, 257 26915.207 -1403 ,821  
15575092.6 - 192,118 

1 3 0 4 .  156 3 1 1 9 0 o 1 4 1  - 1 8 5 2 0 6 0 9  
~0_870.305  261. ;5  z 

1301.255 34956,539 -2266o962 
6350..2_7_0 589 .  434 

4 3 0 9 . 7 5 5  361620  129 - 2 5 3 9 , 9 2 7  
32~50498 . 6 7 4 . 2 8 2  

END LAST CYCLE, 

33 .218  -8~9 .08& 55 .000  1X80805 0 . 0  
0 , 0  - 7 8 8 . 2 6 9  63 .804  220201 

960061 - 9 0 8 ~ 4 | 2  -"5-01520 104o096 ~ , 0  
0 . 0  -896,&9_.|. 5J .576  240413 

8 0 0 1 5 4  -9670798 " - - 7 1 ~ 7 2 1  1520334 0~0 
0 . 0  -10060324 74 ,613  26 .168  

130410 
0 , 0  
0 , 0  
0 . 0  
0 , 0  
0 , 0  

- 9 9 0 . 0 1 2  1 2 2 . 1 8 4  2 3 6 . 6 8 3  O.O 
- 1 0 1 4 . 1 3 7  1 1 3 . 8 9 9  2 1 . 9 8 6  

- 9 6 2 . 1 2 6  1 6 8 . 6 0 9  3 2 4 . 0 5 6  0 . 0  
-1082~3_1_6 .__155_~.241 21 .129  

- 8 9 1 . 5 4 4  193.895 371.262 000 
- 1 0 3 1 0 9 1 8  1 7 1 . 3 6 8  2 6 . 0 8 1  

- B x 3 , 4 8 r  188026~ 359,062 OoO 
-951 .621  170.801 24~015 
- 1 5 1 . 1 7 6  1 5 3 . 4 3 3  2900528 OoO 
- 8 8 2 , 1 1 6  131.094 220146 
- 7 3 3 ~ 6 6 1  L 0 | , 7 ~ 2  190,111 0 ° 0  
-836 .201  880419 21 ,286  
-787 .621  61 ,108  1130509 OoO 
-8490157 5 2 3 4 0 1  220194 
-8960502 5A0997 101.049 000 
- 9 0 9 . 0 5 8  49 .052  24 ,482  

FREQUENCY = 22268,828  HERTZ, 

0 . 0  0 . 0  
0;_0 0 . 0  
0 . 0  O,O 

3 1 . 3 0 9  0 . 0  
0 . 0  -(),0 

3 6 6 .  116 -30674 
0 , 0  000 

574.523 3~.  736 
0 . 0  000 

522. 684 960823 

~ZME = L3LO.Obq MICRQSECONOS, 

1815ZoSLO -1@39o201 

A8998.688 -10110934 

| 9 1 4 1 . 1 1 0  - g t 0 . 8 1 3  

2 0 5 6 6 . 2 0 3  - 8 6 4 . ~ 8  

21246o518 -800o218  

21341 ,138  - 7 8 6 , 4 6 6  

206820754 -838 ,113  

1 9 1 2 3 , 2 | |  - 9 3 2 0 4 5 |  

19037 ,05 |  - 1 8 0 8 , 8 1 9  

18143.R81 - 1 6 3 8 . 2 0 8  

190000185 -LGOg. 86E 

19752,918 -9380264  

~05100134 - 8 6 1 . 4 8 6  

212450560 -1910§65  

2 | 3 3 0 ° 2 2 3  - 1 8 5 , 4 2 5  

20653,402  - 8 3 8 . 7 6 4  

19693°813 -$320822  

-3 ,33Q 1223,198 

-9401x4  L l u ~ . ~ s ~ "  

-zAz .xu3  191 ]~32E  

- 1 ~ 6 . 1 U  1999o661 

-340398 1789.880 

41.441 f 3 f 2 1 ~ i .  

J122, 621 788091C 

l~JU,. 129 1040432 

14,818 - 6 0 2 . 1 6 1 -  

- 1 5 , 4 3 2  - 1 2 4 2 , 1 9 6  

-10~ .98U  -1110~v75  

- L S O . ; Z 7  -AS15 .067  

- I J 3 . 0 5 2  -19-9,~-/-~-~- 

- 5 9 , 3 0 4  - 1 7 8 3 . 8 1 6  

43 ,582  - 1 3 6 3 , 6 ~ 3  

118,80~ ~ 7 7 , 8 0 3  

126,51Z - 8 Y , 4 6 5  

b. Printout of program output 
Figure 10. Concluded. 
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A E  D C - T R - 7 6 - 2 6  

AVERAGE VALUES CU/APUTEO UVI:R LAST CYCLE.  

PRATE INPUT PQHER ~ 4 8 2 9 . 3 4 8  
OUTPUT POWER TO LOAU • 3 5 2 1 . 3 3 0  
PLATE SUPPLY CURRENT = 2 4 1 , 4 6 7  
61AS SUPPLY CURRENT m ____.~26o7b~ 
TAI~0( CURRENT (RMS) : | ~ 2 q . 8 5 8  
PLATE ! O ISS IPAT ION : | 7 7 . 3 2 9  
PLATE 2 D I S S I P A T I O N  : IT7 .OCC 
PLATE | CURRFNT a 31cOG2 
PLATE 2 CURRENT • 3 1 . 0 | $  
b R | ~  I CURRENT ~ . . . . .  .__3~06~8 
GRID 2 CURRENT m 3 . 0 1 6  
PLATE L CURRENTIRNS) - §BeGC7 
PLATE 2 CU;RENT iRNS|  • S T . g q L  
GR[O I CURKENT|RMS) • 1 . 7 4 8  
GRIO 2 CURRENTIRMSI - 7 . 1 6 C  

A I L U k A T T S  
KILOWATTS 
AMPE RE S 
AIAPEAES 

K I L Q k A T T S •  
KILOWATTS• 
AqPERES • 
AMPERES • 

AMPEqES • 
AMPERES n 
AMPERES • 
AMPERES • 
AMPERES • 
AMPERES * 

CATtt JL CURRENTIRqs)  _a . . . .  b..~_,_32._.88_ A. MPERES • 
CATH 2 CUI~RENTIRMS) m 6 6 , 3 2 7  AMPERES • 
( . |  CURPENT IRMS) m 2 8 . 3 9 9  AMPERES 
C3 CURRFNT IRM.~| : 2~)T.2T§ AMPEPES 
( 5  CURnENT |PMS)  ,, 1 & ' / 5 ° 0 2 9  AMPERES 
CT CURGENT (RMSi = l ~ T F . Z g |  AMPERES 
L1L CURRENT . = 1 2 . 3 1 7  AMPERES 
L3  CURRENT a 1~0°  T32 AMPERES 
COIL CT C~JDREN:rtKMS) m 101,,0.18 .AH.PE.RES_.. 

* VALUES ARE PER TUBE 

Figure 11. Sample printout produced by subroutine AVERAG. 

3.4 RESULTS OF SIMULATION 

The computer simulation of the oscElator was initially undertaken 
in order to answer the following questions: 

1. Will dangerous conditions ex is t  during the init ial  s tart ing 
trans ient  as osc i l la t ions  build up? 

2. Have the values  of shunt feed components been properly  chosen  
(that is ,  do they adverse ly  inf luence wave forms)?  

3. What tank Q is n e c e s s a r y  to achieve  adequate stabi l i ty  and 
purity of waveforms ? 

4. Will  grid diss ipat ion become e x c e s s i v e  ff the osc i l la tor  is  
l ightly  loaded (that i s ,  if the p lasma is  suddenly ext inguished)?  

5. How much power output wil l  be los t  due to the p r e s e n c e  of the 
plate r e s i s t o r s  ? 

A s ixth question was or ig inal ly  considered:  wi].l the use  of shunt feed 
in both grid and plate resu l t  in low frequency paras i t i c  osc i l la t ions  ? 
On ref lec t ion ,  it was decided that this question could not be answered 
by the s imulat ion program,  s ince  the gr id-plate  capacitance was not 
included in the c ircuit  model .  These  osc i l la t ions  did not in fact 
mater i a l i z e ,  perhaps because  of the damping effect  of the bias  r e s i s -  
tors  in the grid c ircuit .  
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A E D C-T R-76-26 

The  e a r l i e s t  c i r c u i t  m o d e l  u s e d  did  not  i nc lude  a c e n t e r  tap  on 
the  t ank  c i r c u i t  (R3 and L10 in F ig .  7), and the  r e s u l t i n g  b e h a v i o r  of 
the o s c i l l a t o r  was  c o m p l e t e l y  u n e x p e c t e d .  F i g u r e  12 shows  the  p la te  
v o l t ag e  w a v e f o r m s  which  w e r e  obta ined .  T h e r e  is  e v i d e n t l y  a b l o c k i n g  
o s c i l l a t i o n  s u p e r i m p o s e d  on the  n o r m a l  o sc i l l a t i on .  At f i r s t  it was  
s u s p e c t e d  that  the  t r o u b l e  was  caused  by a r e s o n a n c e  b e t w e e n  the  
shunt  f e e d  c o m p o n e n t s .  H o w e v e r ,  a n u m b e r  of r u n s  w e r e  m a d e  in 
wh ich  the  g r i d  and p la te  choke  i n d u c t a n c e s  w e r e  v a r i e d  o v e r  a wide  
r a n g e ,  wi th  l i t t l e  change  in the  b e h a v i o r  of the  c i r cu i t .  The  o s c i l l a -  
t i on  was e v i d e n t l y  of a r e l a x a t i o n  type ,  r a t h e r  t han  a r e s o n a n t  type .  
It was  t h e n  t h e o r i z e d  that  changes  in  c o m m o n  m o d e  p la te  vo l t age  
w e r e  f o r c i n g  c u r r e n t  t h r o u g h  the  p la te  coupl ing  c a p a c i t o r s ,  the  tank 
c a p a c i t o r s ,  and the  g r i d  coupl ing  c a p a c i t o r s ,  and w e r e  caus ing  changes  

50 
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35  
b. 

£ 30 

2 s  

4.) 
t 20  

r - i  

1 5  

10  

5 

0L  
0 50 1 0 0  1 5 0  2 0 0  2 5 0  3 0 0  3 5 0  4 0 0  4 5 0  500  

T i n e .  ~ s e c  x I 0 1  

Figure 12. Plate voltage waveform showing the blocking oscillation. 
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AEDC-TR-76-26 

in the bias  vol tage .  This  proved to be c o r r e c t .  The c i r cu i t  was 
modif ied  by grounding the cen te r  tap on the tank coil ,  so that  low 
f r equency  c u r r e n t  fo rced  th rough  the plate  coupling capac i to r s  could 
flow to ground,  r a t h e r  than  being fo rced  to flow through  the tank 
capac i to r s .  The r e su l t i ng  waveforms  are  shown in Fig. 13. 

The poor ly  damped envelope was found to be caused by a r e s o n a n c e  
between the leakage  r e a c t a n c e  of the plate  choke and the plate coupling 
capac i to r s .  It was adequate ly  damped by placing a s m a l l  r e s i s t a n c e  
(R3 in  Fig.  7) in s e r i e s  with the ground connect ion (Fig. 14). L10 
was placed in s e r i e s  with R3 to p reven t  R3 f r o m  d i s s ipa t ing  an 
inconvenien t ly  l a rge  amount  of power because  of the second h a r m o n i c  
vol tage  on the coil  cen te r  tap (and, p r ac t i c a l l y ,  due to the fundamen-  
ta l  vol tage  on the cen t e r  tap if it is not pe r f ec t ly  centered) .  (L10 has 
been i nco rpo ra t ed  into the o sc i l l a t o r ,  but R3 has not, as yet .  The 
na tu re  of the s t a r tup  t r a n s i e n t  is not e spec i a l l y  impor tan t  at the 
p r e sen t  t ime ,  as long as it is  not violent .  ) 

These  compute r  runs  also answered  Quest ion  1. Even  with the 
mos t  uns table  c i rcu i t ,  the peak ins tan taneous  plate  vol tage neve r  
exceeded 45 kv. In the uns table  condit ion,  the load l ine  r epea t ed ly  
en te red  the high gr id  d i s s ipa t ion  r eg ion  (low plate  vol tage,  high g r id  
vol tage) ,  but it  s t ayed  t he r e  only a s m a l l  f r a c t i o n  of the t ime ,  and 
t he r e  appeared  to be no danger  of overhea t ing  the gr id .  With the 
s tab le  c i rcu i t ,  plate supply c u r r e n t  r e ached  a peak of m o r e  than 
twice the r a t ed  value ,  and gr id  c u r r e n t  went th rough  a s i m i l a r  peak. 
However ,  the en t i r e  s t a r t i ng  t r a n s i e n t  is over  in l e s s  than 1 msec0 
and the tubes  can ea s i l y  wi ths tand this  m i n o r  over load .  

In p r ac t i ce ,  the o s c i l l a t o r  is not subjec ted  to even this  much  of a 
t r an s i en t .  It is always ene rg ized  at a low plate  vol tage,  and then plate  
vol tage is i n c r e a s e d  in s teps  unti l  the des i r ed  condit ions a re  r eached .  

With the ins t ab i l i ty  d i sposed  of, it became  poss ib le  to inves t iga te  
the o the r  ques t ions  o r ig ina l ly  posed.  The effect  of coupling capac i to r s  
on wave fo rm (Quest ion 2) was de t e rm ined  by making  four  comple te  
runs ,  as shown below. 

Grid Coupling Cap P la te  Coupling Cap 

Ci rcu i t  No. 3, Run 14 Infini te~ Infini te~ 
Ci rcu i t  No. 3, Run 16 10 ~F Infini te~ 
Ci rcu i t  No. 3, Run 17 Infinite~ 5 ~F 
Ci rcu i t  No. 3, Run 18 10 ~F 5 ~F  

6 Inf ini te  = 10 x 10 F 
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Plate Voltage 

Common Mode 
Plate Voltage 

'1 

20 40 50 80 lO0 120 140 160 180 200 220 240 260 280 

Time, psec x lO 1 

Figure 13. Plate voltage waveform obtained with the center tap 
of the load grounded. 

de Voltage 

,mmon Mode 
ateVoltage 

20 40 50 80 160 120 140 160 180 200 220 240 260 280 

Time~ psec x lO 1 

Figure 14. Plate voltage waveform obtained with the center 
tap of the load grounded through a resistor. 

37 



A E D C - T R - 7 6 - 2 6  

The c i r cu i t  was opera ted  at a f r equency  of 10 kHz, with a tank Q of 
10, and in i t ia l  condit ions were  chosen  as c lose as poss ib le  to s teady  
s ta te .  The plate  vol tage wavefo rms  were  n e a r l y  ind i s t ingu ishab le  in 
the four  cases ,  and a typ ica l  wavefo rm is shown in Fig. 15. A 
sl ight  r e l a x a t i o n  to the t rue  s t e a d y - s t a t e  condi t ions  is  evident  at the 
beginning of the run.  The c l e a r e s t  p ic tu re  of the effect  of the cou- 
piing capac i to r s  was obtained by plot t ing g r id  vol tage v e r s u s  plate  
vol tage  (that is ,  by plot t ing the load l ine).  F igu res  16a and b show 
the load l i nes  which were  obtained with inf ini te  and des ign  value  
coupling capac i to r s ,  r e s p e c t i v e l y .  Load l ines  obtained for  the 
o ther  two runs ,  with only one coupling capac i to r  inf ini te ,  were  about 
i n t e r m e d i a t e  between the two shown. The c l a s s i c a l  des ign technique 
r e q u i r e s  that  the load l ine be a s sumed  to be a s t r a igh t  l ine .  However ,  
it can be seen  that  the  load l ine  has ac tua l ly  opened into a f igure  eight.  

T h e r e  a r e  two effects  opera t ing .  F i r s t ,  the coupling capac i t o r s  
cause  some  phase  shif t  at the fundamenta l  f requency .  This  by i t se l f  
would cause  the load l ine  to become an e l l ipse ,  but it  would not 
expla in  the f igure  eight.  The second effect  is that  of f ini te  g r id  
d r iv ing  impedance .  The gr id  c u r r e n t  d rawn by the tube mus t  flow 
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Figure 15. Steady-state plate voltage waveform obtained with the 
coupling capacitors set at their design values. 
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A E DC-T R-76-26  

th rough the gr id  coupling capac i to r  and the feedback capac i to r .  Thus,  
when gr id  c u r r e n t  begins to flow, the g r id  vol tage becomes  m o r e  
negat ive  by the vol tage drop  in this  sou rce  impedance .  The vol tage 
on the o ther  gr id  becomes  m o r e  negat ive at the s a m e  t ime  because  of 
the coupling through the tank c i rcu i t .  The gr id  vol tage then conta ins  
a second h a r m o n i c  component  which is not p r e sen t  in the plate  vol tage,  
and the load l ine  becomes  a f igure  eight. 08! 
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Figure 16. Luad line. 
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The effect  of the g r id  c i rcu i t  dr iv ing impedance  in d i s to r t ing  the 
g r id  vol tage  is a lso  c l e a r l y  evident  in the plate  c u r r e n t  wave fo rm.  
The plate  vol tage  is n e a r l y  s inusoidal ,  while the gr id  vol tage  contains  
a second h a r m o n i c  component .  This  causes  the pla te  c u r r e n t  wave-  
f o r m  to be skewed,  as  in Fig.  17. 
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N o t e :  Both  p l a t e  currentm and t h e  
p l a t e  s u p p l y  c u r r e n t  a r e  p l o t t e d .  
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Figure 17. Skewing of the p l m  current waveform caused by 
grid circuit driving impedance. 

As a f inal  t e s t  of the hypothes is  that  the d i s to r t ion  of the load 
l ine was caused  by gr id  c i rcu i t  d r iv ing  impedance ,  a r u n  was made  
with infinite coupling capac i to r s  and a tank Q of 100. Since the feed-  
back capac i to r  is p ropor t iona l  to tank Q [Eqs .  (9), (22), and (23)],  
i n c r e a s i n g  the tank Q d e c r e a s e s  the gr id  dr iv ing impedance  a t t r ibu tab le  
to th is  component .  The r e su l t i ng  load l ine (Fig.  18) shows n e a r l y  
no d i s to r t ion .  

It was decided ( r a the r  a r b i t r a r i l y )  that  the deg ree  of d i s to r t ion  
shown in F igs .  16b and 17 was  acceptable .  These  w a v e f o r m s  were  
m a d e  at 10 kHz. At h igher  f r equenc i e s ,  the coupling c a p a c i t o r s  
would have even l e s s  inf luence,  and the  d i s to r t ion  would approach  that  
shown in Fig .  16a. Thus ,  the va lues  of the coupling capac i t o r s  chosen 
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in  Sec t ion  2 .0  a r e  a c c e p t a b l e .  A d e s i g n  Q of 10 was  a l so  d e e m e d  
a c c e p t a b l e  (Ques t ion  3). L o w e r  Q was  r u l e d  out by i n c r e a s e d  d i s t o r -  
t i on  and by the  f ac t  tha t  such  a t igh t  coupl ing  to the  load  m i g h t  be 
d i f f i cu l t  to obta in .  C o m p u t e r  r u n s  m a d e  at a l o w e r  Q showed  no 
d i f f i cu l ty  in  s t a r t i n g ,  even  at  a Q of 5. 
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' I  

Figure 18. Load line obtained with infinite coupling capacitors 
and a tank Q of 100. 

To i n v e s t i g a t e  the  e f fec t  of l i gh t  l oad ing  (Ques t ion  4), a r u n  was  
m a d e  at fu l l  load  cond i t ions  and was  a l lowed  to p r o c e e d  un t i l  s t e a d y  
s t a t e  was  r e a c h e d .  The  t ank  Q was  then  i n c r e a s e d  to 200 (a r o u g h  
e s t i m a t e  of the  un loaded  Q of the  tank) ,  and a s econd  r u n  was  m a d e ,  
u s i n g  as  i n i t i a l  cond i t ions  the  f ina l  cond i t ions  f r o m  the  p r e v i o u s  run .  
It  was  found tha t  only  a m i l d  t r a n s i e n t  o c c u r r e d  and tha t  the  o s c i l l a t o r  
s e t t l e d  down qu ick ly  into  an unloaded  s t e a d y - s t a t e  condi t ion .  In t h i s  
cond i t ion  the r f  p la t e  vo l t age  is  i n c r e a s e d ,  so  tha t  the  p l a t e  a c t u a l l y  
b e c o m e s  n e g a t i v e  f o r  a s m a l l  p o r t i o n  of the  cyc le  (F ig .  19). P e a k  
p l a t e  vo l t age  n e v e r  exceeded  43 kv,  even  d u r i n g  the  t r a n s i e n t .  The  
peak  p o s i t i v e  g r i d  vo l t age  is  d e c r e a s e d  f r o m  680 v l oaded  to about  
400 v un loaded .  The  s t e a d y - s t a t e  g r i d  c u r r e n t  i n c r e a s e d  f r o m  3 . 4  
a m p  loaded  to about  5 .4  a m p  un loaded ,  wh ich  is  not  d a n g e r o u s l y  l a r g e .  
The  s m a l l  i n c r e a s e  is  undoubted ly  a t t r i b u t a b l e  to the  u se  of g r i d  
r e s i s t o r  b i a s ,  w h i c h  i n h e r e n t l y  p r o t e c t s  the  tubes  f r o m  e x c e s s i v e  
g r i d  c u r r e n t .  
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Figure 19. Plate voltage waveform obtained with very light load. 

The last question (Question 5) was answered by incorporating the 
plate resistors into the circuit. This necessitated the use of the itera- 
tive technique mentioned in Section 3.2. Because of the uncertainty of 
convergence and the extra computer time used, only a few runs were 
made with this circuit. It was found that the general behavior of the 
circuit was not altered by the resistors. In particular, the rms plate 
current of the tubes did not change significantly, so that the power 
output lost in the resistors could be calculated by 121~, where I is the 
rms plate current predicted by the computer program for the circuit 
model without the resistors. This amounts to about 13.6 kw per tube 
under design conditions, or a power loss of 3. I percent. 
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4.0 TANK AND FEEDBACK CAPACITOR CONFIGURATION 

One of the  m o s t  d i f f icu l t  and e x p e n s i v e  c o m p o n e n t s  of the  o s c i l l a t o r  
to obta in  was  the  tank capac i t o r .  The  d i f f i cu l ty  is  c aused  p r i m a r i l y  by 
the  wide  f r e q u e n c y  r a n g e  which  m u s t  be c o v e r e d :  f ive  to one.  F o r  
c o m p a r i s o n ,  the  s t a n d a r d  b r o a d c a s t  band c o v e r s  a r a n g e  of l e s s  than  
t h r e e  to one.  The  e x p e n s e  is c a u s e d  by the  fac t  tha t  the  c a p a c i t o r s  
m u s t  hand le  10 v a r s  (Q = 10) f o r  e a c h  wat t  of output f r o m  the  o s c i l l a t o r .  

4.1 TANK CAPACITOR RATINGS 

E a r l y  d i s c u s s i o n s  wi th  m a n u f a c t u r e r s  showed  that  the  u se  of any 
f o r m  of v a r i a b l e  c a p a c i t o r  was  c o m p l e t e l y  out of the  ques t i on ,  b e c a u s e  
of the  l a r g e  c a p a c i t a n c e  r e q u i r e d .  The  tank c a p a c i t o r  would t h e r e f o r e  
have  to c o n s i s t  of a bank of m a n y  c a p a c i t o r s  wh ich  could be c o n n e c t e d  
in v a r i o u s  s e r i e s - p a r a l l e l  c o n f i g u r a t i o n s ,  in  o r d e r  to a c h i e v e  a r a n g e  
of to ta l  c a p a c i t a n c e s .  It was  a l so  l e a r n e d  that  the  p r i c e  of such  a 
c a p a c i t o r  d e p e n d e d  p r i m a r i l y  upon i ts  v a r - h a n d l i n g  capab i l i ty  and was  
i n f l u e n c e d  v e r y  l i t t l e  by i t s  vo l t age  r a t i n g  or  c a p a c i t a n c e .  The  m o s t  
su i t ab l e  c a p a c i t o r  fo r  the  app l i ca t ion  was found to be a w a t e r - c o o l e d  
uni t  wi th  a c a p a c i t a n c e  of 0 .425 pF ,  a vo l t age  r a t i n g  of 6 kv  r m s ,  a 
c u r r e n t  r a t i n g  of 400 amp  r m s ,  and a va r  r a t i n g  of 1200 k v a r .  It is  
p a c k a g e d  in a m e t a l  can 6 .25  by 13.5 by 23 in. 

As the  tank c a p a c i t o r  is r e q u i r e d  to hand le  35 .2  Mvar  u n d e r  d e s i g n  
cond i t ions ,  the  bank would have to c o n s i s t  of at l e a s t  30 c a p a c i t o r s .  
Some  s p a r e  capab i l i ty  is d e s i r a b l e  to hand le  the  r i s e  in  r f  p la te  vo l t age  
wh ich  a c c o m p a n i e s  u n l o a d e d  o p e r a t i o n  and o t h e r  Off -des ign  cond i t i ons .  
The  m o s t  d e s i r a b l e  con f igu ra t i ons  a r e  t h o s e  wh ich  load  a l l  c a p a c i t o r s  
in the  bank equa l ly .  The  e n t i r e  v a r  capab i l i ty  of the bank is t h e n  
ava i l ab l e .  Unfo r tuna t e ly ,  in o r d e r  to a c h i e v e  a su f f i c i en t  n u m b e r  of 
c a p a c i t a n c e  v a l u e s  wi th in  the  r e q u i r e d  r a n g e ,  l e s s  d e s i r a b l e  c o n f i g u r a -  
t ions  had to be u sed .  As r e s u l t ,  the  bank f ina l ly  s e l e c t e d  c o n t a i n e d  
42 c a p a c i t o r s .  

The  t a sk  of s e l e c t i n g  tank c a p a c i t o r  con f igu ra t i ons  was  hand l ed  
l a r g e l y  by t r i a l  and e r r o r .  A p r o p o s e d  c o n f i g u r a t i o n  was a n a l y z e d  to 
d e t e r m i n e  i ts  p o w e r  hand l ing  capab i l i ty  as a func t ion  of f r e q u e n c y  and 
tank Q. If it f e l l  in  the  d e s i r e d  r a n g e ,  it was  i n c l u d e d  in the  ca ta log  
of u se fu l  con f igu ra t i ons .  The  m e t h o d s  by w h i c h  the  p o w e r - h a n d l i n g  
capab i l i ty  of a c o n f i g u r a t i o n  can be d e t e r m i n e d  a r e  d i s c u s s e d  next .  
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4.2 RATINGS OF A CAPACITOR BANK 

It is  found tha t  the power  los t  in the d i e l e c t r i c  of a capac i to r  as a 
r e s u l t  of d i e l e c t r i c  heat ing  is  a f ixed f r ac t ion  of the r e ac t i ve  power  
(var) being handled by the capac i to r  over  a wide r ange  of f r equency .  
It is  the n e c e s s i t y  of r emov ing  th is  heat  which l i m i t s  the v a r  r a t i ng  
of the capac i to r .  In addit ion,  the capac i to r  has a vol tage r a t i ng  d e t e r -  
mined  by the breakdown s t r e n g t h  of the d i e l e c t r i c  used,  and a c u r r e n t  
r a t i n g  d e t e r m i n e d  by the c u r r e n t - c a r r y i n g  capabi l i ty  of the foil  and 
o ther  conductors .  

The r m s  c u r r e n t  th rough  a capac i to r  is  g iven by 

I = cotE (Ii) 

and the var loading of the capacitor is given by 

V = I • E = coCE 2 (12) 

where  E is  the r m s  vol tage a c r o s s  the capac i to r .  F igu re  20 shows 
the m a x i m u m  vol tage  which can be applied at any f r equency  to the p a r t i -  
cu la r  tank capac i to r  s e l ec t ed  for  the o sc i l l a t o r ,  without exceeding  any 
of i ts  r a t i n g s .  (For  s m a l l e r  capac i to r s ,  the v a r  l i m i t  is  not effect ive;  
r a t e d  vol tage  at r a t ed  c u r r e n t  wil l  not ove rhea t  the capac i to r .  ) The  
two b reak  f r e q u e n c i e s  can e a s i l y  be ca lcu la ted ,  as fol lows:  

V 
r 

~ = - -  (13) 
C E 2 

r 

2 
I r 

mh = c v (14) 
r 

In the case of the capacitor chosen, wi is 78,431 rad/sec (12,483 Hz), 
and ~)h is 313,725 rad/sec (49,931 Hz). 

In o r d e r  to d e t e r m i n e  the vol tage,  cu r r en t ,  and va r  r a t i n g s  of a 
bank of c apac i t o r s ,  an r m s  vol tage,  E b, is  applied at some f r e q u e n c y  
a c r o s s  the bank. The r m s  c u r r e n t  into the bank is denoted by Ib, and 

the to ta l  capac i t ance  of the bank is des igna ted  by C b. By e l e m e n t a r y  
c i r cu i t  a n a l y s i s  each capac i to r  in the bank is examined  and the one 
(or ones) c a r r y i n g  the h ighes t  vol tage is found. Since e v e r y  capac i -  
to r  in the bank has  the s a m e  capac i tance ,  th is  wil l  a l so  be the capac i -  
t o r  c a r r y i n g  the h ighes t  c u r r e n t  (by Eq. 11). The  r a t i o s  of the vol tage  
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and c u r r e n t  in the l im i t i ng  capac i to r  to the vol tage and c u r r e n t  in the 
en t i r e  bank a re  then  denoted by ~ and m" 

E = ~ g b ( 1 5 )  

I -- m I b (16) 

Subst i tut ing Eqs.  (15) and (16) in Eq. (11). 

m I  b = eCgE b 

(17) 
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or ,  app ly ing  Eq.  (11) to  the  e n t i r e  bank,  

Cb=gC--  
m 

(18) 

The  bank is  t hen  c o n s i d e r e d  to be at i t s  r a t e d  vo l t age ,  c u r r e n t ,  o r  v a r  
l i m i t  when  the  l i m i t i n g  c a p a c i t o r  i s  at i t s  c o r r e s p o n d i n g  l i m i t :  

1 
gbr = ~" gr (19) 

Ih r = ! Ir ( 2 0 )  
m 

1 
Vbr = "g'm V, (21) 

Subs t i t u t i ng  E q s .  (18) t h r o u g h  (21) in to  E q s .  (13) and (14) one f inds  
t ha t  ~01 and ~'h have  the  s a m e  v a l u e s  fo r  the  bank as  a whole  as  t hey  
have  fo r  the  i nd iv idua l  c a p a c i t o r s .  Thus  it is  found tha t  any  conf igu-  
r a t i o n  i s  c o m p l e t e l y  c h a r a c t e r i z e d  by the  two n u m b e r s  I and m.  If 
e v e r y  c a p a c i t o r  in  the  bank is  equa l l y  loaded ,  the  v a t  r a t i n g  of the  
bank wi l l  be Vbr  = n V r ,  w h e r e  n i s  the  n u m b e r  of c a p a c i t o r s  in  the  
bank .  It i s  t h e r e f o r e  n e c e s s a r y  tha t  ( l m )  "1 < n, and (~mn) -1 can  be 
c o n s i d e r e d  to be the  e f f i c i e n c y  wi th  wh ich  the  c o n f i g u r a t i o n  u t i l i z e s  
the  c a p a c i t o r s  in  it .  

In add i t ion  to the  t h r e e  l i m i t s  on power  output  i m p o s e d  by the  
c a p a c i t o r ,  t h e r e  a r e  two m o r e  i m p o s e d  by the  t u b e s :  the  p la te  vo l t age  
and p l a t e  c u r r e n t  of the  tubes  cannot  exceed  r a t e d  v a l u e s .  

Af t e r  s e l e c t i n g  a tank  c a p a c i t o r  c o n f i g u r a t i o n ,  an  e x p e r i m e n t e r  
h a s  the  fo l lowing  f r e e d o m :  

. He can  s e l e c t  any  va lue  of tank  i n d u c t a n c e  
and i s  t h e r e f o r e  f r e e  to choose  c0. 

. He can couple  to the  load  as  c l o s e l y  as  
d e s i r e d  and t h e r e f o r e  is  f r e e  to choose  Q. 

. He can  i n c r e a s e  p la te  vo l t age  (and p o w e r  
output) un t i l  one of the  f ive  l i m i t s  is  r e a c h e d .  

The  m a x i m u m  power  output  c a p a b i l i t y  of a g i v e n  c o n f i g u r a t i o n  i s  t h e r e -  
f o r e  a func t ion  of the  • and Q at which  it is  o p e r a t e d .  

In Sec t ion  2 .3  m o s t  of the  equa t ions  have  been  d e r i v e d  w h i c h  a r e  
n e e d e d  to r e l a t e  p o w e r  output  to the  f ive  l i m i t i n g  r a t i n g s .  H o w e v e r ,  
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there  the tank capaci tor  is considered to be a single capacitor ,  
denoted by C t. In rea l i ty ,  this capacitor is composed of two "tank" 
capaci tors ,  C b, and two "feedback" capaci tors ,  Cf, in se r i e s  (Fig. 2). 
Conditions as seen by C t must  now be re la ted  to conditions as seen by 
C b. Cf is de termined by the ra t io  of the r f  grid voltage to the r f  plate 
voltage, denoted by k: 

Cf = (~--~) C b (22) 

It is then easi ly  shown that the following re la t ionships  hold true:  

C t = ( ~ - )  Cb (23) 

It = Ib (24)  

Et -- (12-~)  gb (25 )  

Vt = (1--~) Vb (26) 

Each of the l imit ing ra t ings  must  now be expressed  in t e r m s  of P, 
Q, and to. This will give five inequalit ies which will bound the oper -  
ating region of the configuration in the Q, ¢0 plane. 

Bank voltage [from Eqs. (2), (4), and (25)]: 

p0.S Q0.~ (~ C~)-0.s (!:~k_) °'5 Ebr ~ 

Bank current  [ f rom Eqs. (1), (2), (4), and (24)]: 

pO.5 Qo.5 (co Cb) 0"5 ( . ~ )  o.5 Ibr 

Bank va t  rat ing [ f rom Eqs. (6) and (26)]: 

(27) 

(28) 

Vbr ~ P Q (~-~) (29) 

Plate Voltage: Limiting the d-c  plate supply voltage to 20 kv is 
essent ia l ly  the same as l imit ing the peak rf  plate voltage to 17,400 v, 
or the tank voltage to 24,600 v rms .  There  is thus a second l imi t  on 
bank voltage. F rom Eqs. (27) and (25), 

Epr(.~.k. ) ~ po.SQO.S (~ Ch)-O.5~l~_...~k)O'S (30) 
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This  r e l a t i o n s h i p  is not exact ,  because  the peak r f  pla te  vol tage will  
a l so  va ry  somewhat  with loading and dr ive  condi t ions ,  but it is p roba -  
bly accu ra t e  within 10 pe rcen t  and should be suf f ic ien t ly  good to p r e -  
vent  damage to tubes or  capac i to r s .  

P la te  Cur ren t :  If it is a s sumed  that  the e f f ic iency  of the tubes is  
cons tan t  under  al l  opera t ing  condit ions and that  the r f  p la te  vol tage is 
p r o po r t i ona l  to the d -c  plate supply vol tage  (as was a s sumed  above), then  

= ~Et • ~Ibb (31) 
Pr Epr Ibbr 

To obtain  the d e s i r e d  inequal i ty ,  
the r e s u l t  is se t  < 1, with Eqs .  
r e s u l t  is 

Eq. (31) is solved for  Ibb / Ibbr ,  and 
(25) and (27) subs t i tu ted  for  E t. The 

Pr / ~ _ / 0 . 5  ~ pO.S Q-o.s (r~ Cb)0"5 
Epr (32) 

Once the conf igura t ion  is se lec ted ,  ~ and m wil l  be known and 
Cb, Ebr ,  Ibr0 and Vbr can be ca lcula ted .  In t e r m s  of ~ and m and 
the individual  capac i to r  r a t i ngs ,  the f ive inequa l i t i es  become 

Capacitor voltage limit: 

c p (33) -1 

Capacitor current limit: 

(34) 

Capac i to r  vat l im i t :  

- (.~_.k_)-I (~n) "I Vr ~ P Q  (35) 

Pla te  vol tage  l im i t :  

P la te  c u r r e n t  l imi t :  

E2r p-1 - I  (37) 

r 

Here  cons tants  a re  on the lef t ,  v a r i a b l e s  a re  on the r ight ,  and the 
mos t  s y m m e t r i c a l  f o r m s  of the equat ions poss ib le  have been used.  
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The p e r f o r m a n c e  of a given conf igura t ion  can now be mapped.  
A value of P can be chosen,  and one can then plot each  of the inequa-  
l i t i e s  in the Q, ~ plane.  The r eg ion  not excluded enc loses  those  
opera t ing  condit ions at which the chosen value of power can be obtained.  
F igu re  21 is an example .  The hatched reg ions  a re  those  excluded by 
the inequa l i t i es .  Fo r  low powers ,  the capac i to r  cu r r en t  l im i t  is  a 
boundary  (for example ,  curve  P1 in Fig.  21); for  h igher  powers ,  it 
may  not be (for example ,  curve  P2, Fig.  21). E i t h e r  plate  vol tage 
or  capac i to r  vol tage  (but not both) will  be a l imi t .  C o m p a r i s o n  of 
Eqs .  (33) and (36) shows that  whichever  equat ion is dominant  for  a 
p a r t i c u l a r  conf igura t ion  will  be dominant  fo r  a l l  va lues  of P. As P 
i n c r e a s e s ,  the plate  c u r r e n t  and plate  vol tage (or capac i to r  vol tage)  
boundar ies  eventua l ly  merge ,  and the opera t ing  r eg ion  degene ra t e s  
into a l ine  t e r m i n a t e d  at e i the r  the capac i to r  c u r r e n t  or  va r  boundary  
(see curve  P3, Fig. 21). 

O' 

j J - -  Constant Power Curve 
j I - - - -  Region Boundary 

I 

fCapacitor J Region II 

,® Pl 
J Region III , , L . . ~  

. 4  ~ - - -  ~ .. 

J 

P2 
J 

Note 

Current 

The region excluded by 
each inequality is 
shown hatched. 

Log w 

Figure 21. Plot on the Q, o~ plane of the five inequalities 
which limit power output. 
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It is  poss ib le  to ca lcu la te  the points of i n t e r s ec t i on  of the s e v e r a l  
boundar ies ,  as ident i f ied  in Fig.  21. In doing so, it is convenient  to 
e x p r e s s  the r e s u l t s  in t e r m s  of a* h and four  d i m e n s i o n l e s s  quant i t ies :  
P r / P ,  and 

Epr Ir 1 
Qo = Pr " m 

A = (1-_ k~ "1 V r 
~ 2  ! Epr I r  

and 

B = 

(38) 

1 
' ~  ( 3 9 )  

Then  for  the points  of i n t e r s ec t i on  
a re  obtained: 

~_~t~ ~ v, (40) 

(Fig. 21) the following quantities 

Q1 = A~-~-) Qo (41) 

~Ol = B20Jh ( 4 2 )  

Q2 = A(~-'~) Q o (43) 

oJ 2 = A 2 r~ h (44) 

Qs = A(~-~ r) Qo (45) 

= (46) 

/p.\ 
Q4 = A~,p)  Qo ( 4 7 )  

<°4 = A2 ~h (48) 

Qs = Qo (49) 

~5  = A ( ~ )  o~ h ( 5 0 )  

Q6 = (Vp) Qo (51) 

50 



AE DC-TR-76-26 

and 

~6 = ~ ~h (52) 

The loc i  of these  points  as P is i n c r e a s e d  a re  shown in Fig. 21. It is 
e a s i l y  ve r i f i ed  that  points 3, 4, and 5 coa lesce  at __Pr = A - 1  T h e r e -  
a f te r ,  points  3 and 5 a re  of no i n t e r e s t ,  because  thPe capac i to r  c u r r e n t  
r a t ing  no longer  fo_rms a boundary of the opera t ing  reg ion .  Points  2 
and 4 coa lesce  at P r  = 1, and the opera t ing  r eg ion  c loses  to a l ine .  

These  loc i  and the P = P r  contour  divide the plane into four  
r eg ions  (Fig. 21). In each reg ion ,  opera t ing  power  is l im i t ed  by a 
d i f fe ren t  ra t ing :  

Region I: 
Region H: 
Region HI: 
Region IV: 

Pla te  cu r r en t  
Capac i to r  cu r r en t  
va r  r a t i ng  
Pla te  (or capaci tor )  vol tage  

Although the s i tua t ion  depicted in Fig. 21 is  the usual  case ,  two 
o ther  s i tua t ions  can occur ,  depending on whether  plate vol tage or  
capac i to r  vol tage l i m i t s  output, and on whether  plate  vol tage and capa-  
c i to r  c u r r e n t  r a t i ngs  will  allow the va r  r a t ing  to be exceeded.  

Casel: t~ 1 <b) 2 <¢a3; B<A< I, Fig. 22a. In this case, plate 

voltage rating is more restrictive than capacitor voltage rating, and 
the var rating is a boundary. Capacitor current rating is a boundary 
at low power, but not at high power. At P = Pr, the operating region 
shrinks to a line terminating at point 7: 

Q7 = A Qo (53) 

~7 = A2 ~'h (54) 

Case If: •2 < Wl < ~03; A < B < I, Fig. 22b. In this case, capacitor 

voltage rating is more restrictive than plate voltage rating, and the var 
rating is a boundary. Rated power output cannot be obtained, because 
rated plate voltage would destroy the capacitor. 'Capacitor current is 
a boundary at low, but not at high power. The operating region shrinks 
to a line at a power of Pro: 

Pm = AB'I P, (55) 
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The l i n e  t e r m i n a t e s  at point  8: 

Q8 = B Qo (56) 

=8 = B2 ~h (57)  

Case IIl: ~1 < w3 < u2; B < 1 < A, Fig. 22c. In this case, plate 

voltage ratin E is more restrictive than capacitor voltage rating. In 
fact, it is so restrictive that rated plate voltage and rated capacitor 
current applied together wiU not exceed the capacitor vat rating. There 
are three boundaries at all power levels: plate voltage, plate current, 
and capacitor current. At P = Pr, the operating region becomes a line 
terminating at point 9: 

Q9 = Qo (58) 

~9 = A ~b (5g)  

o 

Case 1 
Plate voltage is more restr ict ive than capacitor voltage. 
Capacitor vat rating ts a boundary. 

I - -  Constant Power Curve 

I I - - - -  Reg,on Boundar, 

I I 
I l 

~ Capacitor vats ~ Region; 

# /  m Region I l l  ~ - - -  ~1~- ~-- - 

,~oy I / / \ %  

log ,-, 

a. Casel 
Figure 22. Form of the Q, co plane. 
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C" 

g 

Case l ]  

Capacitor vol tage is more r e s t r i c t i v e  than p la te  vol tage.  
Capacitor vat  rating is a boundary. 

I I ~ Constant Power Curve 

I I ~ ~ Region Boundary 

I ~ I 
. ~ , Region II 
l Capacitor vats ~J t 

.0"7" / - /® \~ .  

-/,y 

log ,J 

b. Case II 

C "  

g, 

Case III 
Plate voltage is more restrictive than capacitor voltage. 
Capacitor var rating is not a boundary. 

- -  Constant Power Curve 

I - - - -  Region Boundary 

, o . ~  Region II 

,.-~/.~"/,4, 7 /*'%.~ ,/'//Z., / N. 
/ / / /  , , , / , , ' -  xo, 

@ 

log ,~ 

c. Case I I I  

Figure 22. Concluded. 
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T h r e e  add i t i ona l  c a s e s  can t h e o r e t i c a l l y  be e n c o u n t e r e d :  ~2 < 
bJ3 <Wl,  ~3 <b)2 < ~ 1 ,  a n d a ~  <b) 1 <(d 2. H o w e v e r ,  e a c h  of t h e s e  r e -  
q u i r e s  that  a)3 be l e s s  than  ~1; that  is ,  tha t  b) h be l e s s  than  w~. Th i s  
i m p l i e s  that  the  c a p a c i t o r  v a r  r a t i n g  cannot  be  e x c e e d e d  at r a t e d  
vo l t age  and c u r r e n t ,  and such  a c a p a c i t o r  is  not l i k e l y  to be e n c o u n -  
t e r e d  in th i s  app l i ca t ion .  

It is  i n t e r e s t i n g  to f ind the  l o c i  of the  po in t s  in F ig .  2 1 as the  
p a r a m e t e r s  ~ and m a r e  changed ,  but P is he ld  cons tan t .  Of c o u r s e ,  

changes  only A, and m changes  only Qo" T h e s e  l o c i  a r e  shown in 
F i g s .  23 and 24, fo r  ~ and m ,  r e s p e c t i v e l y .  A change  in ~ m o v e s  the  
po in t s  in d i f f e r e n t  d i r e c t i o n s  and t h e r e f o r e  changes  the  shape  of the  
con tour .  H o w e v e r ,  a change  in m m o v e s  al l  of the  po in t s  in the  s a m e  
d i r e c t i o n ,  and wi l l  not change  the  shape  of a con tour  on a l o g - l o g  
plot ,  but wi l l  m e r e l y  shif t  it  a long the  Q axis .  The  shape  of the  
c o n t o u r s  in thus  a func t ion  of ~ a lone .  

0 

,~ . , o o ~ ~  Capaci t!r va 

, ,o×/  % - 

log m 

Figure 23. Loci of points of intersection as £ is increased. 
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to r  vars 

• , I I 
I / / /  

log 

Figure 24. Loci of points of intersection as m is increased. 

Tab le  2 s u m m a r i z e s  the  p e r f o r m a n c e  of s o m e  of the  m o r e  u s e f u l  
c o n f i g u r a t i o n s  wh ich  have  been  found. With  t h e s e ,  a power  output  of 3 
MW or  m o r e  can  be o b t a i n e d  at any f r e q u e n c y  be tween  10 and 50 kHz,  
and fu l l  power  o p e r a t i o n  can be ach i eved  at e ight  f r e q u e n c i e s  in  t h i s  
r a n g e .  O t h e r  c o n f i g u r a t i o n s  p r o b a b l y  can  be found ff needed .  F i g u r e  
25 is  a c o m p o s i t e  m a p  of t h e s e  c o n f i g u r a t i o n s .  

4.3 PRACTICAL CONSIDERATIONS 

As a p r a c t i c a l  m a t t e r ,  one m u s t  r e a l i z e  tha t  a l though  pane l  m e t e r s  
i n d i c a t e  d i r e c t l y  when  p l a t e  vo l t age  and p la te  c u r r e n t  l i m i t s  a r e  being. 
e x c e e d e d ,  no s u c h  i n s t r u m e n t s  p r o t e c t  the  c a p a c i t o r s .  F u r t h e r m o r e ,  
wi th  a p l a s m a  load,  it m a y  be v e r y  d i f f icu l t  to con t ro l  Q (and, to a 
c e r t a i n  ex ten t ,  ~). The  b e s t  c o u r s e  to fol low as  an  o p e r a t i n g  p r o c e -  
d u r e  is  p r o b a b l y  to c a l c u l a t e  the  o p e r a t i n g  f r e q u e n c y ,  w, wi th  the  
coi l  fu l ly  l oaded  by the  p l a s m a .  The  r a t i n g s  of the  c a p a c i t o r  conf igu-  
r a t i o n  wi l l  be known,  and by Eqs .  (11) and (12) one can  c a l c u l a t e  the  
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maximum voltage which can be applied to the bank (call it Ebr) at 
this frequency. The plate supply voltage which will produce this 
capacitor voltage is given approximately by 

2 
Ebr 

20,00o (60) 
Ebb = 24,600 

Equation (60) is plotted in Fig. 26 for each of the catalogued configu- 
rations. If this plate supply voltage is not exceeded, there should be 
little danger to the capacitor bank. Even if the plasma should be 
extinguished, the capacitor voltage could not rise more than about 
15 percent, and this might be partially compensated by a small 
decrease in t0. 

80 ; 
70 - 
60 

50 

40 - 

311 

20 

: : ~ ;  I ; ; ; ; ; ; ; ;  

Power Output _> 1. 0 NtW 7 

Q 

10 
9 
8 
7 
6 

5 

4 
4 5 

Note: 

6 8 10 Z0 30 40 50 60 80 100 200 
Frequency, khz 

A power of 1. 0, 2. 0, or 3. 0 MW may be obtai ned at any point wit hi n the corresponding 
contour. The rated power of thetuDes, 3.52 MW, may be obtained only along the lines 
within the inner contour. 

Figure 25. Composite Q, co map for all tank capacitor configurations. 
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60 

5O 

40 

~ 30 

2o 

~ lO 
~ 9 

~ 8 
~ 7 

6 

5 

4 

I0 

m 

/ C o n f i g u r a t i o n s  15 and 16 
/ 

. _  ~ / / C o n f l g u r a t i o n s  9, 11, and 13 

- - - - - - ~  

" ~ ~  ~ ~ ~ Rated 
. ~  ~ P l a t e  

Conf 
1 through 8, I0, 12, and 14 -" ~ ~  

From Eq. (60) 

! , I I I ] I I I I 
20 30 40 50 60 80 100 

Frequency ,  khz 

Figure 26. Maximum allowable plate supply voltage for any 
tank capacitor configuration, as a function of 
frequency, 
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Table 2. Tank Capacitor Configurations 
a. Catalog 

B - 0.5 fl = 49931 Bz 

Config. ~ m & Case 

I i/2 1/10 0.5~0 I 

2 1/2 1/9 0.540 z 

3 1/2 1/8 0.540 I 

4 1/2 1/7 0.540 I 

5 1/2 3/19 0.540 I 

6 1/2 2/11 0.540 I 

7 1 /2  3/16 0.540 I 

8 1/2 1/5 0.540 Z 

10 1/2 3/13 0.340 Z 

12 1/2 3/11 0.540 I 

14 i/2 I/3 0.540 I 

Config. ~ m A Case 

9 1/3 1/7 0.810 I 

11 1/3 1/6 0.810 I 

13 1 /3  1/5 0.810 Z 

f~P Q7 f~* QO P' 
Hz Hz :4W Ql 

14556 15.09 14556 27.95 1 .0  53.13 
2 .0  26.56 
3 .0  17.71 

14556 13.50 14556 25.16 1 .0  47.82 
2 . 0  23.91 
3 .0  15.94 

14556 12,07 14556 22.36 1.0 42,50 
2 .0  21.25 
3 . 0  14.17 

14556 10.57 14556 19.57 1.0 37.19 
2.0 18.60 
3.0 12.40 

14556 9.56 14556 17.70 1.0 33.65 
2.0 16.82 
3.0 11.21 

14556 8.30 14556 15.38 1 .0  29.22 
2 .0  14.62 
3.0 9.74 

14556 8.05 14556 14.91 1.0 28.34 
2.0 14.17 
3.0 9.44 

14556 7.55 14556 13.98 1.0 26.56 
2.0 13.29 
3.0 8 . 0 6  

14556 6.54 14556 12.11 1.0 23.02 
2.0 11.51 
3.0  7.67 

14556 5.53 14556 10.25 1 .0  19.48 
2 .0  9,74 
3.0 6.49 

14556 4.53 14556 8.39 1.0 15.94 
2.0 7.97 
3 . 0  5.32 

fT, Q7 f2, P, 
Hz Hz Qo MW QI 

32752 15.87 32752 19.59 1.0 55.85 
2.0 27.92 
3.0 18.62 

32752 13.50 32752 16.77 1.0 47.81 
2.0  23.90 
3.0 15.94 

32752 11.32 32752 13.98 1.0 39.86 
2.0 19.93 
3.0 13.29 

f s ,  f6,  P, 
C o n f i g .  L m A C a s e  Hz Q! Hz Oo MW 06  

15 1 / 4  1 / 5  1 . 0 8 0  I l I  5 3 9 1 9  1 3 . 9 8  5 3 9 1 9  1 3 . 9 8  1 . 0  4 9 . 2 1  
2 . 0  2 4 . 6 0  
3 . 0  1 6 . 4 0  

16 1 / 4  1 / 4  1 . 0 8 0  I I I  5 3 9 1 9  1 1 . 1 0  5 3 9 1 9  1 1 . 1 8  1 . 0  3 9 . 3 5  
2 . 0  1 9 . 6 8  
3 . 0  1 3 . 1 2  
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Table 2. Concluded 
b. Diagrams 
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4.4 SELECTION OF FEEDBACK CAPACITOR 

Since the feedback capac i t o r s  handle only about one - t en th  of the 
v a r  load of the tank capac i to r s ,  and s ince  they a r e  used  to adjus t  the 
g r id  d r ive  vol tage,  it s e e m e d  that  ease  of ad jus tmen t  was m o r e  i m p o r -  
tant  than ef f ic ient  use  of t h e i r  va r  capabi l i ty .  Accord ing ly ,  the capa-  
c i t o r s  in the  feedback capac i to r  banks a r e  used  only in p a r a l l e l .  Each  
capac i to r  has  a vol tage  r a t i ng  suf f ic ien t  to wi ths tand the r f  g r id  
vol tage,  and va r  loading  is  not high enough to be a l im i t a t i on ,  so the 
only l i m i t a t i o n  is  the c u r r e n t  r a t i ng  of the capac i t o r s .  Th i s  is  e s t ab -  
l i s h e d  by the bushings  used  at 400 amp pe r  capac i to r  sec t ion .  

The approach  taken  in s e l ec t ing  the capac i t o r s  was as fo l lows.  
The value of the feedback capac i to r  r e q u i r e d  at the nomina l  des ign  
g r id  vol tage is  19.2 # F a t  10 kHz and 3.83 ~ F  at 50 kHz. In o r d e r  to 
cover  th i s  r ange  and to allow the g r id  vol tage to be ad jus ted  + 20 
pe rcen t ,  a feedbank capac i to r  is  r e q u i r e d  which can be adjus ted  f r o m  
3.1 to 23.0  ~F.  The s m a l l e s t  capac i to r  in the bank is a r b i t r a r i l y  
chosen  to be 0 . 1  ~F.  This  i s  3 .3  pe rcen t  of the s m a l l e s t  feedback 
capac i to r  which will  eve r  be r e q u i r e d  (3.1 ~F),  which is  a su f f i c i en t ly  
s m a l l  i n c r e m e n t .  The capac i to r s  in the bank wil l  be g iven va lues  of 
0. i, 0.2, 0.4, 0.8, ..., ~F. 

• The number  of c apac i t o r s  of each  value which is r e q u i r e d  is  
d e t e r m i n e d  by the c u r r e n t  r a t i ng  of the capac i t o r s  (400 amp). The 
h ighes t  f r equency  at which each  capac i to r  can be used at the des ign  
r f  g r id  vol tage of 1,680 v peak is given by Eq. (11) and is  shown below. 

Capac i tance ,  ~ F 

0.1 
0 .2  
0 .4  
0 .8  
1.6 
3 .2  

Maximum Frequency ,  kHz 

535.9 
268.0  
134.0 

67.0 
33.5  
16.7 

The next  ques t ion  i s ,  g iven a value,  Cf, of the feedback capac i to r  
bank, what is the h ighes t  f r equency  at which this  value  wil l  e v e r  be 
u s e d ?  This  is  obtained f r o m  Eq. (11), us ing  the nomina l  vol tage and 
the nomina l  tank c u r r e n t :  

f _- 1430 ~/2 _ 0 . 1 9 2  (61) 
2r,, Cf • 1,680 C| 
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Then ,  fo r  e x a m p l e ,  if  one c o n s i d e r s  a bank c a p a c i t a n c e  of 5 .0  ~F ,  
Eq.  (61) shows  tha t  i t  m igh t  be u sed  at  a f r e q u e n c y  as  h igh  as  3 8 . 4  kHz;  
t h e r e f o r e ,  it cannot  inc lude  any c a p a c i t o r s  l a r g e r  t han  0 .8  p F .  

Bu i ld ing  the  bank is  begun with  a t o t a l  c apac i t y  of 3 .1  p F .  S ince  
t h i s  va lue  m a y  be u sed  at 50 kHz,  and thus  can  u s e  no c a p a c i t o r s  l a r g e r  
t han  0 . 8  p F ,  one e a c h  0 . 1 - ,  0 . 2 - ,  and 0 . 4 - p F ,  and t h r e e  0 . 8 - p F  c a p a c i -  
t o r s  a r e  s e l e c t e d .  To ob ta in  3 .2  /~F, a n o t h e r  c a p a c i t o r  m u s t  be added.  
Equa t i on  (61) shows  tha t  3 .2  p F  migh t  be u sed  at  50 kHz ,  so  a n o t h e r  
0 . 8 - p F  c a p a c i t o r  m u s t  be added.  The  bank now to t a l s  3 . 9  p F .  To ob ta in  
4 . 0  p F ,  a c a p a c i t o r  m u s t  be added which  Eq. (61) t e l l s  us  wi l l  be u sed  
at 48 kHz and so  m u s t  be 0 . 8  pF .  R e p e t i t i o n  of th i s  p r o c e d u r e  g e n e r a t e s  
the  c a p a c i t o r  bank shown  below.  

Bank New To ta l  
C a p a c i t a n c e ,  H i g h e s t  F r e q u e n c y  C a p a c i t a n c e  Bank C a p a c i t a n c e ,  

p F of Use, '  kHz Added,  p F ~ F 

50 .0  0. I 0. i 
50 .0  0 .2  0 .3  
50 .0  0 .4  O. 7 
50 .0  0 .8  1.5 
50 .0  0 .8  2 .3  
50 .0  0 .8  3. 1 

3 .2  50 .0  0 .8  3 . 9  
4 . 0  4 8 . 0  0 .8  4 . 7  
4 . 8  40 .0  0 .8  5 .5  
5 .6  34 .3  0 .8  6 .3  
6 .4  30 .0  1.6 7 .9  
8 .0  24 .0  1.6 9 .5  
9 .6  20 .0  1.6 11.1 

11.2 17. i:~ 3 . 2 5  14.3 
14 .4  13.3 3 .2  17.5  
17.6  10.9  3 .2  20 .7  
20 .8  9 .2  3 .2  2 3 . 9  

C r i t e r i o n  v io l a t ed  by 2 .3  p e r c e n t  fo r  e a s e  of packag ing .  

T h e s e  s e v e n t e e n  c a p a c i t o r s  w e r e  a r r a n g e d  in one package  con ta in ing  
f ive  v a l u e s :  0 .1 ,  0 . 2 ,  0 .4 ,  0 .8 ,  and 3 .2  p F ,  and t h r e e  p a c k a g e s  
con ta in ing  four  v a l u e s :  0 .8 ,  0 .8 ,  1 .6 ,  and 3 .2  p F .  

In general, in selecting the capacitors to be used to obtain a 
given total capacitance, one should use the smallest values possible 
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(i. e . ,  two 0 . 8 ' s  should  be used ,  i n s t e a d  of one 1.6) .  The  c a p a c i t a n c e  
u s e d  shou ld  be s p r e a d  out equa l ly  o v e r  the  four  p a c k a g e s  if p o s s i b l e ,  
and not  c o n c e n t r a t e d  in  a s i n g l e  package .  T h i s  wi l l  m i n i m i z e  the  
p o w e r  to be d i s s i p a t e d  in a package  and wi l l  a l so  r e d u c e  the  s t r a y  
i n d u c t a n c e  of the  c a p a c i t o r  l ead~.  

5.0 PHYSICAL ARRANGEMENT AND COOLING 

The  p h y s i c a l  a r r a n g e m e n t  of the  o s c i l l a t o r  was  s t r o n g l y  i n f l u e n c e d  
by the  d e c i s i o n  to u se  v a p o r  cool ing  of the  tubes  in p l a c e  of c o n v e n -  
t i ona l  w a t e r  cool ing .  Vapor  cool ing  was c h o s e n  b e c a u s e  it a l l owed  the  
to ta l  w a t e r  flow r e q u i r e d  by the  o s c i l l a t o r  to be r e d u c e d  to about  60 
g a l / m i n ,  f r o m  the  350 g a l / m i n  which  would have  b e e n  r e q u i r e d  fo r  
w a t e r  cool ing .  A supply  of d e m i n e r a l i z e d  w a t e r  was  a v a i l a b l e  wh ich  
could  m a i n t a i n  th i s  r a t e  a l m o s t  i nde f in i t e ly .  Had w a t e r  coo l ing  b e e n  
u s e d ,  it would have  b e e n  n e c e s s a r y  e i t h e r  to l i m i t  the  l e n g t h s  of r u n s  
and to s c h e d u l e  the  use  of w a t e r  c lo se ly ,  or  to have  u s e d  a d o s e d  
w a t e r  s y s t e m  with  a bulky and e x p e n s i v e  hea t  e x c h a n g e r .  

Th e  u se  of v a p o r  cool ing  was not wi thout  p e n a l i t i e s ,  h o w e v e r .  The  
v e s s e l s  and duc ts  wh ich  d i s p o s e  of the  s t e a m  a r e  b u l k i e r  than  the  p ip ing  
f o r  w a t e r  cool ing  would  have  been .  As a r e s u l t ,  it  i s  v e r y  d i f f icu l t  
to ga in  a c c e s s  to c e r t a i n  c o m p o n e n t s  in the  p la te  c i r cu i t .  Also ,  wi th  
v a p o r  cool ing ,  t h e r e  is no way to r u n  a hea t  b a l a n c e  on the  anode  of 
a tube ,  and thus  no way to measuz ' e  p la te  d i s s i p a t i o n  d i r e c t l y .  It is  
t h e r e f o r e  d i f f icu l t  to  d e t e r m i n e  how m u c h  p o w e r  is  be ing  s u p p l i e d  to 
a p l a s m a  load .  

5.1 PHYSICAL ARRANGEMENT OF COMPONENTS 

The  v a c u u m  tubes  a r e  m o u n t e d  in two g r o u p s  of four  t ubes .  The  
tubes  in e a c h  g roup  a r e  m o u n t e d  as shown in Fig .  2 7, wi th  t h e i r  anodes  
p r o j e c t i n g  down into a vat ,  which  con ta ins  the  s t e a m  g e n e r a t e d  by the  
t ubes .  E a c h  anode  is i m m e r s e d  in a s e p a r a t e  w a t e r - f i l l e d  j a r .  ALl 
four  anodes  a r e  n o r m a l l y  at the s a m e  potent ia l°  H o w e v e r ,  if a f lash= 
o v e r  o c c u r s  wi th in  a tube,  i ts  anode vo l t age  m a y  d i f f e r  f r o m  the  o t h e r  
t h r e e  anode  v o l t a g e s  by as m u c h  as 40 kv.  It was fo r  th i s  r e a s o n  that  
s e p a r a t e  j a r s  w e r e  used ,  r a t h e r  than  an i n n e r  w a t e r = f i l l e d  vat  e n c l o s i n g  
al l  of the  tubes .  The  vat  and the  c o v e r s  a r e  m a d e  of f i b e r g l a s s - c o v e r e d  
plywood.  The  j a r s  a r e  m a d e  of m o l d e d  f i b e r g l a s s .  The  s t e a m  and the  
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e x c e s s  w a t e r  w h i c h  s p i l l s  o u t  o f  t h e  j a r s  a r e  c o n d u c t e d  a w a y  b y  a n  8- 
in. -diazn po lyv iny l  ch lor ide (PVC) pipe connected to the center of the 
bottom of the vat. The vat is supported by an a. luminum-angle f r a m e -  
w o r k ,  w h i c h  i s  m o u n t e d  o n  c e r a m i c  s t a n d - o f f  i n s u l a t o r s .  

Vat Cover 

E] -] 
Vat 

U- ~ SC:rTrn?cFrame 

J~ J I nsulators 

Line 

Not~- The jars are filled with water; 
excess water runs over into the vat. 

Figure 27. Arrangement for mounting and cooling the tubes. 

T h e  a r r a n g e m e n t  o f  t h e  r e m a i n i n g  o s c i l l a t o r  c o m p o n e n t s ,  w h i c h  is  
s h o w n  in F i g s .  28 a n d  29, w a s  a r r i v e d  a t  a s  a c o m p r o m i s e  b e t w e e n  
c o n f l i c t i n g  r e q u i r e m e n t s ,  s o m e  of  w h i c h  w e r e  a s  f o l l o w s :  

1. T h e  d e s i r e  to k e e p  c o m p o n e n t s  a s  a c c e s s i b l e  a s  p o s s i b l e .  

2. T h e  n e e d  to k e e p  t h e  i n d u c t a n c e  o f  i n t e r c o n n e c t i o n s  a s  l o w  
a s  p o s s i b l e .  

. 

. 

T h e  n e e d  to m a i n t a i n  a d e q u a t e  s p a c i n g  b e t w e e n  h i g h  v o l t a g e  
c o m p o n e n t s  in o r d e r  to  p r e v e n t  a r c i n g .  

T h e  n e e d  to m i n i m i z e  s t r a y  c o u p l i n g  b e t w e e n  g r i d  a n d  p l a t e  
c i r c u i t s .  

U n f o r t u n a t e l y ,  t h e  d e s i r e  f o r  a c c e s s i b i l i t y  w a s  u s u a l l y  in d i r e c t  
c o n f l i c t  w i t h  t h e  o t h e r  t h r e e  r e q u i r e m e n t s ,  a n d  a s  i n s u f f i c i e n t  a t t e n t i o n  
to t h e  o t h e r  t h r e e  c o u l d  h a v e  l e d  to f a i l u r e  o f  t h e  o s c i l l a t o r ,  a c c e s s i -  
b i l i t y  w a s  o f t e n  s a c r i f i c e d .  A s  a r e s u l t ,  s o m e  of  t h e  p l a t e  c i r c u i t  c o m -  
p o n e n t s  a r e  v e r y  d i f f i c u l t  to  r e a c h .  N e v e r t h e l e s s ,  t h e r e  i s  s c a r c e l y  a 
c o m p o n e n t  w h i c h  h a s  no t  b e e n  s e r v i c e d  in p l a c e  s i n c e  c o n s t r u c t i o n  w a s  
c o m p l e t e d .  
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Inductance of l eads  is  mInimized by keeping conductors short  and 
of large  d iameter ,  and by placing them as c lo se  as poss ib le  to the 
return current  paths.  In most  c a se s  this means  placing the conductor 
as c lo se  as poss ib le  to the grounded s tructure ,  which confl icts  with 
the requirement  for maintaining adequate spacing.  

J~----COOLING AIR EXHAUST L O U V R E S ~  

TANK CAPACITOR 
SWITCH PANEL PRESSURE MONITOR 

BIAS RESISTORS .# 

~-FILAMENT 
CONTACTORS 

B FUSES 

\-BIAS SUPPLY I . . . .  

PLATE 
CHOKE 

f . . . .  l 

COMPONEN1 
~IN~ORT-q 

III 
PLATE RESISTOR', 

I tl 
PLATE BUS-~ 

F ~ . . . .  

i . . . .  i L . . . .  i L___ 

COOLING AIR DUCT 
[ON CEILING} 

(ON CEILING) 

BUSSES 

F"-] 

L.__] 
FEEDBACK / 
CAPACITORS" 
~PLATE COUPLING 

:ER SHEETS 
WHICH 

CAPACITORS 

NOTE: THE LAYOUT OF THE TOP OF THE COMPONENT SUPPORT IS SHOWN IN FIG. 29, 

Figure 28. Plan view of the oscillator showing the locations 
of the major component. 
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C 
~-~ of Component Support 

/ 
I 
I 
I 
I 

P a r a s i t i c  
Res i s to r  

Fi lament  
C a m c t t o r  

0 
LEdge of 

Component 
Support 

/ -  P a r a s i t i c  Grtd- B u s A  ~ ~ / I  Ch°ke / 

r ~  Grid Coupl ln~ 
Capac t to t  

m Crowbar Ind ica to r  
PC Board 

. . . . .  ] i 

J o 
I m 
I 

m 

~Cathode 
Current  
Shunt 

I m 

Shie ld  

0 0 

0 0 

0 0 

i - 0 ~  - - 0 -  - -  

I 
I 
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Filament  
Capaci tor  

i 
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I 

HF Fi lament  

p a c t i ° r  

1 
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Note: Typical  of e igh t  such a reas ,  
one for  each tube.  

Figure 29. Arrangement of grid and filament circuit 
components on top of the component support. 
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The g e n e r a l  r u l e  used for  spac ing  of high vol tage components  was 
to use  10 in. along the s u r f a c e  of an in su la to r ,  or  6 in. th rough a i r ,  
be tween components  with a peak vol tage  d i f f e rence  of 40 kv. F o r  
l ower  vo l t ages ,  p ropo r t i ona t e ly  s m a l l e r  spac ings  were  used.  (At a 
few points ,  spac ings  s l igh t ly  s m a l l e r  than th is  ru l e  r e q u i r e d  were  
used an an expedient .  ) In addit ion,  conductors  at high potent ia l s  were  
kept  well  rounded,  and p ro jec t ing  w i r e s ,  s c r e w s ,  etc.  were  avoided.  
This  ru l e  is  appa ren t ly  a good c o m p r o m i s e  between the r e q u i r e m e n t s  
fo r  low inductance  and high vol tage insula t ion ,  because  ne i t he r  p a r a -  
s i t i c  o sc i l l a t i ons  nor  a r c - o v e r s  have been expe r i enced .  

S t ray  coupling between the g r id  and plate  c i r cu i t s  was m i n i m i z e d  
by keeping  g r id  and cathode c i r cu i t  components  above the component  
suppor t ,  and plate  c i r cu i t  components  below. 

The g r id  and pla te  b u s s e s  were  mounted as c lose  as insu la t ion  
r e q u i r e m e n t s  would p e r m i t  to the grounded component  suppor t  so that  
at v e r y  high f r e q u e n c i e s  they would look l ike  low impedance  t r a n s -  
m i s s i o n  l i nes .  Th i s  was done as  an aid in p reven t ing  p a r a s i t i c  o s c i l -  
l a t ions  and m a y  have had a benef ic ia l  effect .  The pla te  b u s s e s  were  
made quite l a r g e ,  as  they  enc lose  and pro tec t  f r o m  corona  a number  
of wa t e r  connect ions  and p ro tec t ive  components .  The pla te  b u s s e s  
suppor t  the pla te  r e s i s t o r s  and the c rowbar  r e s i s t o r s .  

The tank and feedback  capac i t o r s  a r e  a r r a n g e d  in the mos t  compact  
m a n n e r  poss ib le  at the output end of the o s c i l l a t o r  and a re  i n t e r con -  

n e c t e d  by wide copper  shee t s ,  in o rde r  to avoid in t roduc ing  s t r a y  
inductance .  The individual  c apac i t o r s  a r e  s e l f - r e s o n a n t  at about 500 
kHz with t h e i r  t e r m i n a l s  shor ted ,  a m a r g i n  of 10 to 1 over  the h ighes t  
ope ra t ing  f r equency ,  and it was fel t  to be impor tan t  not to r educe  th is  
m a r g i n  by adding high inductance  in t e r connec t ions .  A l a r g e  a r e a  of 
copper  is  a lso  r e q u i r e d  to c a r r y  the des ign  tank c u r r e n t  of 1,430 amp 
without overhea t ing .  The tank capac i to r  conf igura t ion  is changed by 
in s t a l l i ng  a new se t  of copper  shee t s .  Feedback  capac i to r  s ec t ions  
a r e  added or  r e m o v e d  by ins t a l l i ng  or r e m o v i n g  s i l i c o n - b r o n z e  bol ts ,  
as  shown in Fig.  30. 

Ca re fu l  cons ide ra t i on  was given to ident i fy ing  and l oca l i z ing  the 
c u r r e n t s  which flow in the component  suppor t  and in the sh ie ld ing  
enc lo su re .  The tank c u r r e n t  is  c a r r i e d  f r o m  one se t  of feedback  
c a p a c i t o r s  to the o ther  by a copper  shee t  which is grounded to the 
component  suppor t  as it p a s s e s  over  it. Thus ,  no tank c u r r e n t  f lows 
in the component  suppor t .  Only the cathode c u r r e n t  of the tubes  f lows 
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Copper 
Ring 

Copper Sheet / ~  
Interconnecting / /  
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Slllcon-Bronze 
Bolt (Insert Bolt 
to Make Connection) 

Ceramic 
Insulator 

Fl t 
~ Washer 

/z~ " ~ -  Two Belv i l l e  i~'-J --[ Washers I 
I L.   Copper 

m. "'~1 F'I ~ ~ B u s h l n g  

I_ Capac i tor 
Terminal 

Note: The desired sections are selected 
by inserting bolts  as required. 

Figure 30. Detail of the connection to a feedback capacitor section. 

in the component  suppor t .  An a t tempt  was made  to loca l i ze  th is  
c u r r e n t  by mounting the gr id  and plate  b u s s e s  as c lose  as adequate 
insu la t ion  would p e r m i t  to the su r f ace  of the component  suppor t .  The 
component  suppor t  is insu la ted  f r o m  the enc losu re ,  except  at one 
point loca ted  between the feedback capac i to r s ,  where  it is welded to 
the f loor  of the enc losu re .  It was hoped that  th is  would e l imina t e  al l  
a-c c u r r e n t s  in the enc lo su re  wal ls ,  which would m i n i m i z e  r a d i a t i o n  
of jo in t s ,  and would a l so  e l imina t e  common mode vol tage p rob l ems  
and a s s i s t  in making accu ra t e  m e a s u r e m e n t s .  It was l a t e r  found that  
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the tank coil  induced some  c u r r e n t  in the e n c l o s u r e  wal ls ,  but th i s  
has  not led to s e r i o u s  p r o b l e m s .  

The en t i r e  o s c i l l a t o r  is housed within an a luminum e n c l o s u r e  16 
ft long by 12 ft wide by 8 ft high. The s t r u c t u r e  of the enc lo su re  is  
made  of a luminum H - b e a m s ,  and the wal l s  and ce i l ing  a re  covered  
with 1 /8 - in .  a luminum shee t .  The f loor  is  of 1 /4 - in .  p la te .  The 
s t r u c t u r e  is of suf f ic ien t  s t r e n g t h  that  the  o s c i l l a t o r  can be l i f ted  
and moved as a unit  (except that  the 3,500-1b pla te  choke m u s t  be 
r e m o v e d  f i r s t ) .  Two Plexiglas@-covered windows were  ins ta l l ed  in 
one s idewal l  of the enc lo su re ,  but it was l a t e r  n e c e s s a r y  to cover  t hem 
with a luminum shee t ing  to p reven t  exposure  of p e r s o n n e l  to X - r a y s  
g e n e r a t e d  by the tubes .  

All of the e l e c t r i c a l  power and i n s t r u m e n t a t i o n  l eads  p e n e t r a t e  
the end of the e n c l o s u r e  opposi te  the tank c i rcu i t .  Power  wi r ing  is 
c a r r i e d  in a luminum conduit which is  rou ted  to avoid h igh - f i e ld  
a r e a s .  I n s t r u m e n t a t i o n  wi r ing  is c a r r i e d  in a s e p a r a t e  conduit  
s y s t e m ,  which is grounded only where  it p e n e t r a t e s  the e n c l o s u r e  and 
is  i so la ted  e l s e w h e r e .  The l e a s t  poss ib le  l ead  leng th  is  exposed out- 
s ide  of the conduit.  

5.2 COOLING 

The coo l ing -wa te r  c i r c u i t r y  for  the o s c i l l a t o r  is shown in Fig.  31. 
The tank and feedback capac i t o r s  a r e  divided into eight g roups .  
Or ig ina l ly ,  one group of capac i to r s ,  one pla te  r e s i s t o r ,  and one tube 
were  cooled by each  of eight  s i m i l a r  coo l ing -wa te r  c i r cu i t s .  Dur ing  
shakedown it was found that  addi t ional  wa t e r  fo r  the tubes was needed,  
so the r e t u r n  wa te r  f r o m  the plate  choke was divided into eight  equal  
pa r t s  and was a l so  routed  to the tubes .  Where  high vol tage in su la t ion  
is n e c e s s a r y ,  it is provided by a l eng th  of 1 / 2 - i n . - O D  po lye thy lene  
tubing. Four  feet  is  a suf f ic ient  length,  even for  the l eads  to the tube 
anodes.  The conduct ivi ty  of the d e m i n e r a l i z e d  wa te r  supply is m a i n -  
ta ined  at l e s s  than  20 ~ m h o s / c m .  

Coo l ing -wa te r  r e q u i r e m e n t s  were  a r r i v e d  at by the fol lowing r e a s o n i n g :  

Tank and Feedback  capac i t o r s :  As these  capac i t o r s  a re  r a t ed  at 
1,200 k v a r  and have a nomina l  d i s s ipa t ion  f ac to r  of 0. 0002, the m a x i -  
mum power los s  in a capac i to r  is 240 w. At the nomina l  flow r a t e  of 
2 g a l / m i n ,  the t e m p e r a t u r e  r i s e  is l e s s  than I ° F .  
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Figure 31. Schematic diagram of cooling water circuitry, after modifications. 
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Pla te  R e s i s t o r s :  The compute r  p r o g r a m  showed the r m s  pla te  
c u r r e n t  ( including the d -c  component) to be 55 amp. Since the nomina l  
va lue  of the r e s i s t o r  is 4 .5  ~ ,  the power l o s s  is  13,600 w pe r  r e s i s t o r ,  
and at a flow of 2 gal/min, the t e m p e r a t u r e  r i s e  is  46°F .  The p r e s -  
su re  drop through the r e s i s t o r s  is  l a r g e ,  and it l i m i t s  the flow of 
wa t e r  to the tubes by th i s  path to a l i t t l e  over  2 g a l / m i n  at the ful l  
supply  p r e s s u r e .  

Tubes :  Since the wa te r  supply to the tubes  has  been heated by l o s s e s  
in the pla te  r e s i s t o r s ,  the flow r a t e  r e q u i r e d  by the tubes  was ca lcu la ted  
a s s u m i n g  that  only the l a ten t  heat  of vapor i za t ion ,  972 Btu / lb ,  r e m o v e s  
heat  f r o m  the anode. Then  at 200 kw plate  d i s s ipa t ion ,  it should be 
poss ib le  to boil  1.40 g a l / m i n .  However ,  at a flow r a t e  of 2 g a l / m i n  
and a plate  d i s s i p a t i o n  of roughly  120 kw, the wa te r  l eve l  in the j a r s  
s lowly  fe l l ,  p robab ly  because  the violent  boi l ing at the s u r f a c e  of the 
anode s p l a s h e s  addi t ional  wa te r  out of the j a r s .  As has  been ment ioned ,  
the wa t e r  flow was i n c r e a s e d  by rou t ing  the r e t u r n  flow f r o m  the pla te  
choke to the tubes ,  and by i n c r e a s i n g  the flow th rough  the o r ig ina l  
c i r cu i t  to the m a x i m u m  allowed by the p r e s s u r e  d rop  in the plate  r e s i s -  
t o r s .  The  total  flow is now about 4 .5  gal/min, and th is  amount  has  
been suf f ic ien t  for  a l l  condit ions which have been encoun te red  to date.  
F r equen t  inspec t ion  of the tube anodes has  shown no a r e a s  of b r igh t  
copper ,  which would indica te  f i lm  boi l ing and inadequate  cooling. 

Tank Coil  and T r a n s m i s s i o n  Line" The flow in each  coil  was 
chosen  at 10 g a l / m i n ,  as th is  gave a ve loc i ty  of 10 f t / s e c  in the 0 . 7 5 -  
in. -OD tubing, which  was suf f ic ien t  for  good heat  t r a n s f e r .  Using a 
sk in  depth of 0.012 in. at 50 kHz and a c u r r e n t  of 1,430 amp, one 
f inds that  the l o s s  in the copper  tubing is  589 w/f t .  The ac tua l  l o s s  in 
the coil might  be pe rhaps  twice th i s  f igu re  because  of eddy c u r r e n t s  
and d i s t o r t i o n  of the cu r r en t  p rof i le  in the tubing by the magne t i c  f ie ld  
of ad jacent  t u rns .  Tota l  l o s s  in each  coil  and l ine  is  e s t i m a t e d  at 
26,500 w, which r e s u l t s  in a t e m p e r a t u r e  r i s e  of 18 ° F. 

P la te  Choke: The tota l  l o s s e s  in the choke a r e  e s t i m a t e d  by the 
m a n u f a c t u r e r  to be 26 kw. The m a n u f a c t u r e r ' s  spec i f i ca t i ons  r e q u i r e  
a flow r a t e  of 10 g a l / m i n .  

Ign i t ron  Cathode:  In o r d e r  for  the ign i t ron  to hold off an anode 
vol tage  of 20 kv, it is n e c e s s a r y  to keep the condensed m e r c u r y  t e m p e r a -  
tu re  below 80°F.  Th i s  is  a ccompl i shed  by f lowing about 0 .5  g a l / m i n  
to a 0 . 2 5 - i n .  -OD copper  coil  in contact  with the body of the i gn i t ron  
and is  only n e c e s s a r y  because  the ambient  a i r  t e m p e r a t u r e  wi thin  the 
e n c l o s u r e  can exceed  80 °F .  
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T r a n s m i s s i o n  L i n e  C e n t e r  Tap :  The  0 . 2 5 - i n .  -OD coppe r  tube  
wh ich  g r o u n d s  the  c e n t e r  tap  of the  load  coupl ing  coi l  is  supp l i ed  wi th  
0 . 5  g a l / m i n .  T h i s  is  p r o b a b l y  not a b s o l u t e l y  n e c e s s a r y ,  s i n c e  L I 0  
(Fig .  7) p r e v e n t s  s i g n i f i c a n t  c u r r e n t  in  t h i s  l ead .  

In add i t ion  to the  w a t e r  cool ing ,  which  r e m o v e s  m o s t  of the  l o s s e s  
in the  o s c i l l a t o r ,  s o m e  a i r  cool ing  is  a l so  n e c e s s a r y .  A i r  flow to cool  
the  f i l a m e n t  t e r m i n a l s  of the  tubes  i s  supp l i ed  by two 3 ,500  f t 3 / m i n  
b l o w e r s  t h r o u g h  a duct  a r r a n g e m e n t  which  can be s e e n  in F ig .  32. The  
e n t i r e  e n c l o s u r e  is  w a s h e d  by a i r  f r o m  two 6, 700 f t S / m i n  b l o w e r s .  T h i s  
a i r  p a s s e s  o v e r  the  g r i d  r e s i s t o r s  {which a r e  o p e r a t e d  s o m e w h a t  above 
t h e i r  c o n v e c t i o n - c o o l e d  power  r a t i ng )  as it l e a v e s  the  e n c l o s u r e .  The  
b l o w e r s ,  f i l t e r s ,  and a s s o c i a t e d  duc t ing  a r e  m o u n t e d  on the  s econd  
floor of the building, directly above the enclosure. 

Several photographs of the oscillator are shown in Figs. 32 through 
36. The major components can easily be identified. 

Figure 32. Cooling air ducts for the tube filament terminals. 

71 



t ~  

> 
m 
0 
? 
-4 
:O 

O~ 

Figure 33. View of tank circuit end of the oscillator. 
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Figure 35. Arrangement of grid and filament circuit components. 
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Figure 36. View of plate bus area, with vat removed. 
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6.0 PROTECTIVE DEVICES, SAFETY, AND INSTRUMENTATION 

A photograph of the osc i l la tor  control  panel is shown in Fig.  3"/. 
Meters  a re  provided  fo r  m e a s u r i n g  individual  d -c  gr id  and cathode 
c u r r e n t s ,  p ro tec t ive  bias vol tage,  pla te  vol tage,  and to ta l  plate  cu r ren t .  
A m e t e r  and swi tch a re  provided for  r ead ing  individual  f i l amen t  vo l tages .  
The  gr id  and cathode m e t e r s  include adjus table  high l im i t  contacts  
which wil l  t r i p  the power supply c i rcu i t  b r e a k e r  in the event  of an o rd i -  
n a r y  over load .  These  a re  quite fas t  and provide  adequate p ro tec t ion  of 
the t ube s  f r o m  overhea t ing .  

Figure 37. View of oscillator control panel. 
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6.1 PROTECTION OF VACUUM TUBES 

In bu i ld ing  l a r g e  v a c u u m  tubes ,  i t  s e e m s  to be p r a c t i c a l l y  i m p o s s i b l e  
f o r  m a n u f a c t u r e r s  to r e m o v e  the  l a s t  t r a c e s  of ga s  f r o m  the  enve lope .  
T h i s  ga s  wi l l  o c c a s i o n a l l y  c a u s e  a f l a s h - o v e r  to o c c u r  b e t w e e n  the  p l a t e  
and the  g r i d  i n s i d e  the tube,  and in o r d e r  to p r e v e n t  the  d e s t r u c t i o n  of 
the  tube ,  i t  i s  a b s o l u t e l y  n e c e s s a r y  to d e s i g n  the  c i r c u i t r y  to l i m i t  the  
m a g n i t u d e  and d u r a t i o n  of the  r e s u l t i n g  c u r r e n t  f low.  In the  u s u a l  c a s e  
of an r f  a m p l i f i e r  o r  o s c i l l a t o r ,  i t  i s  the  e n e r g y  s t o r e d  in  the  p la te  
supp ly  f i l t e r  c a p a c i t o r  which  d a m a g e s  the  tube .  P r o t e c t i o n  i s  ob ta ined  
by s h o r t  c i r c u i t i n g  ( " c r o w b a r r i n g " )  the  f i l t e r  c a p a c i t o r  by f i r i n g  an 
i g n i t r o n  when  a f l a s h o v e r  is  de tec ted .  

In the  p r e s e n t  c a s e ,  h o w e v e r ,  i t  i s  the  e n e r g y  s t o r e d  in  the  tank 
c a p a c i t o r  wh ich  is  d a n g e r o u s ,  b e c a u s e  of the  low o p e r a t i n g  f r e q u e n c y ,  
and b e c a u s e  e igh t  t ubes  a r e  o p e r a t i n g  f r o m  a s i n g l e  tank  c i r c u i t ;  the  
p l a t e  s u p p l y  is  u n f i l t e r e d .  Two m e a n s  of p r o t e c t i o n  have  b e e n  i n c o r p o -  
r a t e d  in  the  c i r c u i t .  The  m o s t  r e l i a b l e ,  and p r o b a b l y  the  m o s t  i m p o r -  
t an t ,  is  the  p la te  r e s i s t o r s .  T h e s e  a r e  4 . 5 - o h m  r e s i s t o r s  p l a c e d  in 
s e r i e s  wi th  e a c h  p la te .  In the  even t  of a f l a s h o v e r  when  the  p la te  
vo l t age  i s  at i t s  h i g h e s t  va lue ,  t h e s e  r e s i s t o r s  l i m i t  the  peak  c u r r e n t  to 
8500 a m p  or  l e s s .  P e r h a p s  even  m o r e  i m p o r t a n t ,  d u r i n g  the f l a s h o v e r ,  
m o s t  of the  tank c a p a c i t o r  vo l t age  a p p e a r s  a c r o s s  the  r e s i s t o r ,  and  
only  a s m a l l  p o r t i o n  of i t  a p p e a r s  a c r o s s  the  low r e s i s t a n c e  a r c  w i th -  
in the  tube.  Thus ,  n e a r l y  a l l  of the  e n e r g y  s t o r e d  in the  c a p a c i t o r  i s  
d i s s i p a t e d  in the  r e s i s t o r ,  not in  the  tube.  The  i n d u c t a n c e  of the  
p la te  r e s i s t o r s ,  which  was  c a l c u l a t e d  to be 15 ~H, i s  a l s o  i m p o r t a n t ,  
and l i m i t s  the  r a t e  of r i s e  of the  a r c  c u r r e n t  of 2 ,500  a m p / p s e c  or  
l e s s .  The  pena l t y  f o r  the  u se  of the  r e s i s t o r s  i s  tha t  t hey  d i s s i p a t e  
about  3 p e r c e n t  of the  power  output  of the  o s c i l l a t o r .  

As a backup  to the p la te  r e s i s t o r s ,  a c r o w b a r ,  c o n s i s t i n g  of a 
t r i g g e r e d  s p a r k  gap and a 0 . 5 - o h m  r e s i s t o r  in  s e r i e s ,  i s  connec t ed  
b e t w e e n  e a c h  p la te  bus and g round .  Af t e r  the  s p a r k  gap i s  t r i g g e r e d ,  
i t  d i v e r t s  n i n e - t e n t h s  of the  c u r r e n t  f r o m  the  tank  c a p a c i t o r s  a r o u n d  
the  tube.  A f e r r i t e  r i n g  i s  moun ted  i n s i d e  the p la te  bus  at the  l o w e r  
end of e a c h  p la te  r e s i s t o r ,  so  tha t  the  c u r r e n t  t h r o u g h  the r e s i s t o r  
p a s s e s  t h r o u g h  it .  A s lo t  s awed  in the  r i n g  p r e v e n t s  s a t u r a t i o n  
b e c a u s e  of the  d - c  p la te  c u r r e n t  and c a u s e s  the  f lux  in  the r i n g  to be 
p r o p o r t i o n a l  to the  i n s t a n t a n e o u s  p la te  c u r r e n t .  A coi l  wound on the 
r i n g  t hen  has  a vo l t age  induced  in  i t  p r o p o r t i o n a l  to d I /d t .  The  co i l s  
a r e  connec t ed  to the  t r i g g e r  c i r c u i t  shown in F ig .  38. When  d I / d t  in 
any  tube  b e c o m e s  l a r g e  enough to b r e a k  down the  s p a r k  gap  (F ig .  38), 

77 



AE DC-TR-76-26 

the t r i g g e r  c i rcu i t  f i r e s  the t r i gge red  spark  gap, which d i s c h a r g e s  
the tank capac i to r s .  

While the t r i g g e r e d  spa rk  gap can ea s i l y  handle  the c u r r e n t  and 
energy  involved in d i s cha rg ing  the tank capac i t o r s ,  it cannot  with- 
stand a long dura t ion  fo l low-on c u r r e n t  f r o m  the plate supply.  It is 
t h e r e f o r e  n e c e s s a r y  to connect  an ign i t ron  in p a r a l l e l  with the plate  
supply and to f i r e  it ff e i t he r  of the c rowbar  spa rk  gaps f i r e s .  A 
s m a l l  pickup loop is mounted n e a r  the grounded end of each c rowbar  
r e s i s t o r .  The vol tage induced in the loop by c u r r e n t  in the r e s i s t o r  
is used to f i r e  the igni t ron ,  th rough c i r c u i t r y  s i m i l a r  to that  in 
Fig.  38. Af ter  the ign i t ron  f i r e s ,  the power  supply c i rcu i t  b r e a k e r  
mus t  be opened to p reven t  des t ruc t ion  of the igni t ron .  A shunt in the 
cathode lead to the ign i t ron  de tec ts  cu r r en t  in the ign i t ron  and opens 
the c i rcu i t  b r e a k e r  th rough  c i r c u i t r y  which will  be d i scussed  l a t e r  
in this  sec t ion .  

To 
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Figure 38. Crowbar trigger circuitry. 

78 



AE DC-TR-76-26 

In o r d e r  to p r o t e c t  the  c o m p o n e n t s  c o n n e c t e d  to a tube  f r o m  d a m a g e  
when  a f l a s h o v e r  o c c u r s ,  s p a r k  gaps  w e r e  c o n n e c t e d  a c r o s s  e a c h  g r i d  
coup l ing  c a p a c i t o r ,  a c r o s s  e a c h  f e e d b a c k  c a p a c i t o r ,  and f r o m  one 
s i de  of e a c h  f i l a m e n t  to g round .  T h e s e  gaps  a r e  of a type  w h i c h  f i r e  
at a g i v e n  v o l t a g e ,  r e g a r d l e s s  of the  r a t e  of r i s e  of the v o l t a g e .  A 
1 . 5 - o h m  r e s i s t o r  was  c o n n e c t e d  in s e r i e s  wi th  the  s p a r k  gaps  a c r o s s  
the  f e e d b a c k  c a p a c i t o r s ,  s i n c e  the  gaps  by t h e m s e l v e s  w e r e  not  c a p a b l e  
of hand l ing  the  e n e r g y  s t o r e d .  

It s e e m e d  d e s i r a b l e  to have  an i n d i c a t i o n  of w h i c h  tube  f l a s h e d  
o v e r ,  so  tha t  a tube  p r o n e  to f l a s h o v e r  could  be i den t i f i ed .  The  c i r -  
cui t  shown in F ig .  39 was  i n s t a l l e d  on e a c h  ca thode  c u r r e n t  shunt  
in  an a t t e m p t  to a c c o m p l i s h  th i s .  It was  not  e n t i r e l y  s u c c e s s f u l ,  
h o w e v e r ,  as  wi l l  be d i s c u s s e d  in Sec t i on  7 .1 .  An i d e n t i c a l  c i r c u i t  
was  i n s t a l l e d  a c r o s s  the  shunt  in the  i g n i t r o n  ca thode  l e a d  and was  
u s e d  to t r i p  the  p o w e r  supply  c i r c u i t  b r e a k e r .  T h e  SCR u s e d ,  wh ich  
is  of an u n c o n v e n t i o n a l  type  wi th  r e v e r s e d  p o l a r i t y ,  was  c h o s e n  
b e c a u s e  of i ts  v e r y  f a s t  t u r n - o n  t i m e .  The  high s p e e d  was  n e e d e d  in 
o r d e r  to d e t e c t  the  f l a s h o v e r  b e f o r e  the  c r o w b a r  f i r e d  and d i v e r t e d  
the  c u r r e n t  f r o m  the tube .  

The  o s c i l l a t o r  was  a l so  p r o t e c t e d  a g a i n s t  l o s s  of coo l ing  w a t e r  
o r  f i l a m e n t  a i r  to the  t u b e s .  The  " b u b b l e r "  a r r a n g e m e n t  shown  in 
F ig .  40 was  u s e d  to m e a s u r e  the  w a t e r  l e v e l  in the  j a r s .  The  p r e s -  
s u r e  in the supply  m a n i f o l d  is  p r o p o r t i o n a l  to the w a t e r  l e v e l  in the  
j a r  wi th  the  l o w e s t  w a t e r  l e v e l .  Th i s  p r e s s u r e  is i n d i c a t e d  (in i n c h e s  
of w a t e r )  on the  c o n t r o l  pane l  and is a l so  s e n s e d  by a p r e s s u r e  s w i t c h  
w h i c h  wi l l  t r i p  the  p o w e r  supply  c i r c u i t  b r e a k e r  if the  w a t e r  l e v e l  
f a l l s  m o r e  t h a n  3 in. be low n o r m a l .  F a i l u r e  of the  f i l a m e n t  a i r  is  
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Figure 39. Flash-over detection circuit. 
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detected by the circuit  shown in Fig. 41. If e i ther  f i lament a i r  blower 
fails ,  the p r e s s u r e  seen by the p r e s su re  switch will fall  to half its 
normal  value, and the power supply circuit  b reaker  wil] be tr ipped.  

Pressure 
Switch Needle 

Pressure Reference Pressure - Valve 
Gage ~- Nitrogen, 

Flowmeter 5 psi 

. . . .  ..Gt . . . . . . . . . . . . . . . . .  Jr. '  . . . . . . . . . . . . .  .-. . . . . . . .  
I |  

Lowest Water Level Jars 

Steam and Waterline Vat 

Figure 40. "Bubbler" circuit for measuring tube cooling water level. 
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Figure 41. Filament air failure protection circuit, 
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T h e r e  a r e  s e v e r a l  c a s e s  on r e c o r d  w h e r e  v io l en t  e x p l o s i o n s  have  
o c c u r r e d  when  a c a p a c i t o r  in an e n e r g y  s t o r a g e  bank fa i l ed  and the  
to ta l  e n e r g y  s t o r e d  in the  bank was d i s s i p a t e d  at the  s i t e  of the  faul t .  
Whi le  the  to ta l  e n e r g y  s t o r e d  in  a t a n k  c a p a c i t o r  bank is  not e s p e c i a l l y  
l a r g e  (about 250 J at mos t ) ,  it  s e e m e d  qui te  p o s s i b l e  tha t  the  c i r c u i t  
would cont inue  to o s c i l l a t e  even  a f t e r  a c a p a c i t o r  in one of the  banks  
fa i l ed .  The  e n t i r e  tank c u r r e n t  would t h e n  flow t h r o u g h  the  faul t  
and would cont inue  to d i s s i p a t e  e n e r g y ,  unt i l  p e r h a p s  the  c a s e  of the  
c a p a c i t o r  r u p t u r e d .  Some  c o n s i d e r a t i o n  was g i v e n  to i n s t a l l i n g  
r u p t u r e  d i s k s  on e a c h  capac i t o r ,  but  th i s  i d e a  was  r e j e c t e d  b e c a u s e  
of the  p o s s i b i l i t y  that  a faul t  would cause  f l a m i n g  oil  to be b lown 
about the  e n c l o s u r e .  In s t ead ,  a p r e s s u r e  s w i t c h  was  i n s t a l l e d  on e a c h  
c a p a c i t o r .  (Au tomot ive  oi l  p r e s s u r e  s w i t c h e s  w e r e  used .  ) A c i r c u i t  
was  bui l t  wh ich  m o n i t o r s  t h e s e  s w i t c h e s  and t r i p s  the  p o w e r  supply  
c i r c u i t  b r e a k e r  if one of t h e m  o p e r a t e s .  An SCR and a l a m p  i n d i c a t e  
wh ich  s w i t c h  o p e r a t e d .  The  f e e d b a c k  c a p a c i t o r s  and the  p l a t e - c o u p l i n g  
c a p a c i t o r s  w e r e  not s i m i l a r l y  p r o t e c t e d ,  b e c a u s e  o s c i l l a t i o n  wi l l  s top  
if they  fa i l .  The  o t h e r  c a p a c i t o r s  in the o s c i l l a t o r  w e r e  too s m a l l  to 
r e q u i r e  p r o t e c t i o n .  

6.2 PROTECTION OF OPERATING PERSONNEL 

In add i t i on  to p r o t e c t i n g  the c o m p o n e n t s  of the  o s c i l l a t o r ,  it  is 
n e c e s s a r y  to p r o v i d e  p r o t e c t i o n  fo r  o p e r a t i n g  p e r s o n n e l .  The  p r i n c i -  
pal  d a n g e r  is f r o m  e n e r g y  s t o r e d  in the  v a r i o u s  c a p a c i t o r s ,  w h i c h  
is qui te  su f f i c i en t  to be l e tha l .  S e v e r a l  l e v e l s  of p r o t e c t i o n  a r e  p r o -  
v ided ,  so  tha t  f a i l u r e  of a c o m p o n e n t  o r  f a i l u r e  to c a r r y  out a p r o c e -  
d u r e  wi l l  not  r e s u l t  in  an unsa fe  cdndi t ion .  F i r s t ,  s w i t c h e s  a r e  
p r o v i d e d  which  r e m o v e  all  p o w e r  f r o m  the  o s c i l l a t o r .  The  sw i t ch  
wh ich  connec t s  the  p la te  supply  to the  o s c i l l a t o r  is  a r r a n g e d  so tha t  
it can  be l o c k e d  in the  open  pos i t ion .  A n o t h e r  s w i t c h  s h o r t  c i r c u i t s  
the  p la te  supply  vo l t age  to g round .  Two sa fe ty  s w i t c h e s  r e m o v e  t he  
p o w e r  f r o m  the  f i l a m e n t  and b ias  supp l i e s .  T h e s e  l a s t  t h r e e  s w i t c h e s  
a r e  l o c a t e d  i n s ide  the  e n c l o s u r e ,  in v iew of anyone  w o r k i n g  on the  
o s c i l l a t o r .  Second,  b l e e d e r  r e s i s t o r s  a r e  i n s t a l l e d  w h e r e v e r  n e c e s -  
s a r y  so  that  a l l  c a p a c i t o r s  wi l l  d i s c h a r g e  as soon  as the  p la te  

supply  vo l t age  is r e m o v e d .  The  t i m e  c o n s t a n t s  w e r e  c h o s e n  so that  
the  e n c l o s u r e  wi l l  be  sa fe  30 s e c  a f t e r  the  p la te  supply  vo l t age  is  
r e m o v e d .  Th i rd ,  pe rm ' anen t l y  c o n n e c t e d  g round  s t r a p s  a r e  i n s t a l l e d  
in the  e n c l o s u r e .  On e n t e r i n g  the  e n c l o s u r e °  p e r s o n n e l  a r e  i n s t r u c t e d  
to connec t  t h e s e  g r o u n d  s t r a p s  to c e r t a i n  n u m b e r e d  po in ts ,  in a p r e -  
s c r i b e d  o r d e r  ( see  Fig .  2). It is  p o s s i b l e  to do so  wi thout  be ing  e x p o s e d  
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to con tac t  wi th  any  h igh  vo l t age  point .  With  t h e s e  g round  s t r a p s  in p l ace ,  
both t e r m i n s l s  of e v e r y  d a n g e r o u s  c a p a c i t o r  a r e  d i r e c t l y  g rounded .  
P e r s o n n e l  a r e  i n s t r u c t e d  tha t  any s i g n  of a s p a r k  when  c o n n e c t i n g  the 
g round  s t r a p s  i n d i c a t e s  an  open b l e e d e r  r e s i s t o r ,  and a p o t e n t i a l l y  
d a n g e r o u s  condi t ion .  In th i s  even t ,  t hey  a r e  to l e a v e  the e n c l o s u r e  
and r e p o r t  the  d i f f i cu l ty .  It i s  i m p o r t a n t  to r e a l i z e  tha t  t h e s e  p r o c e -  
d u r e s  do not  e n s u r e  s a f e t y  Lmless the  p e r s o n n e l  who execu t e  t h e m  a r e  
f a m i l i a r  in d e t a i l  wi th  the  n a t u r e  of the  h a z a r d .  

The  v a c u u m  tubes  u s e d  in  the  o s c i l l a t o r  g e n e r a t e  X - r a y s  in  r a t h e r  
l a r g e  q u a n t i t i e s .  H o w e v e r ,  t hey  a r e  qui te  sof t  and a r e  e a s i l y  s topped ,  
even  by a 1 / 1 6 - i n .  a l u m i n u m  s h e e t .  As h a s  b e e n  m e n t i o n e d ,  i t  was  
n e c e s s a r y  to  c o v e r  the  windows of the  e n c l o s u r e  wi th  a l u m i n u m  s h e e t i n g .  
L e a d  g l a s s  could p r o b a b l y  have  b e e n  u s e d  i n s t e a d ,  if  the  windows  had  
been  a b s o l u t e l y  n e c e s s a r y .  The  p r o b l e m  has  b e e n  e a s y  to hand le ,  but  
shou ld  be kep t  in  mind  by anyone  c o n t e m p l a t i n g  a p e n e t r a t i o n  of the  
e n c l o s u r e  wal l ,  o r  o p e r a t i o n  wi th  the  e n c l o s u r e  door  open.  

B e f o r e  the  o s c i l l a t o r  was  o p e r a t e d ,  t h e r e  was  s o m e  c o n c e r n  tha t  
i t  m igh t  g e n e r a t e  a h igh  l e v e l  of u l t r a s o n i c  n o i s e ,  wh ich  could d a m a g e  
h e a r i n g  wi thout  be ing  aud ib le .  The  op in ion  of a h e a r i n g  c o n s e r v a t i o n  
g r o u p  was  s o l i c i t e d .  T h e y  c i ted  l i t e r a t u r e  (Ref. 7) which  i n d i c a t e d  
tha t  u l t r a s o n i c  n o i s e  could not  d a m a g e  h e a r i n g ,  but  could have  o t h e r  
p h y s i o l o g i c a l  e f f ec t s  if  i t  w e r e  v e r y  i n t e n s e .  When  the  o s c i l l a t o r  was  
o p e r a t e d ,  i t  was  found tha t ,  at f r e q u e n c i e s  up to at  l e a s t  100 kHz ,  i t  
p r o d u c e d  no u l t r a s o n i c  no i s e  which  was  m e a s u r a b l e  above the  b a c k g r o u n d  
n o i s e  of about  85 db in the t e s t  a r e a .  

6.3 ELECTROMAGNETIC INTERFERENCE 

Some c o n s i d e r a t i o n  h a s  b e e n  g i v e n  to the  e l e c t r o m a g n e t i c  i n t e r -  
f e r e n c e  wh ich  m i g h t  be p r o d u c e d  by the  o s c i l l a t o r ,  as  t h e r e  s e e m e d  
to be a p o s s i b i l i t y  t ha t  i t  could i n t e r f e r e  wi th  V L F  r a d i o  s e r v i c e s  o r  
wi th  i n s t r u m e n t a t i o n  on n e a r b y  a e r o s p a c e  t e s t  c e l l s .  C e r t a i n  m e a s u r e s  
w e r e  i nc luded  in  the  d e s i g n ,  b e c a u s e  i f  t hey  w e r e  l a t e r  found to be 
needed ,  t h e y  would have  b e e n  n e a r l y  i m p o s s i b l e  to r e t r o f i t .  The  e n t i r e  
o s c i l l a t o r  was  e n c l o s e d  in  a c a r e f u l l y  d e s i g n e d  s h i e l d i n g  e n c l o s u r e .  
The  n u m b e r  of p e n e t r a t i o n s  of the  s h i e l d i n g  was  m i n i m i z e d .  C o n t r o l  
and i n s t r u m e n t a t i o n  w i r i n g  wi th in  the e n c l o s u r e  was  done in  condui t  
and was  kep t  out of h igh  f i e ld  a r e a s .  C e r t a i n  o t h e r  m e a s u r e s  w e r e  
not  t aken ,  but could be added l a t e r  at m o d e r a t e  e x p e n s e  ff i n t e r f e r e n c e  
m a t e r i a l i z e s .  F o r  i n s t a n c e ,  w i r i n g  l e a v i n g  the  e n c l o s u r e  could be 
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f i l t e r e d ,  if n e c e s s a r y .  To da te ,  no i n t e r f e r e n c e  of any k ind  has  b e e n  
d e t e c t e d .  One c o n c e s s i o n  is  m a d e ,  h o w e v e r :  the  o s c i l l a t o r  is  n e v e r  
o p e r a t e d  when  a so l id  r o c k e t  m o t o r  is  i n s t a l l e d  in an a d j a c e n t  t e s t  ce l l .  

6.4 INSTRUMENTATION 

Dur ing  the  d e s i g n  of the  o s c i l l a t o r ,  an e f fo r t  was m a d e  to  p r o v i d e  
fo r  the  m e a s u r e m e n t  of a c c u r a t e  vo l t age  and c u r r e n t  w a v e f o r m s .  
T h e s e  would have  b e e n  use fu l  in d i agnos ing  t r o u b l e s  with the  o s c i l l a t o r ,  
and would a l so  have  a l lowed  a d i r e c t  c o m p a r i s o n  of the  ac tua l  p e r f o r -  
m a n c e  of the  o s c i l l a t o r  with the  p e r f o r m a n c e  p r e d i c t e d  by the  c o m p u t e r  
p r o g r a m .  Al though only m o d e r a t e  s u c c e s s  was a c h i e v e d ,  the a p p r o a c h  
which  was t aken  wi l l  be d e s c r i b e d  h e r e .  The  d i f f i cu l t i e s  wh ich  w e r e  
e n c o u n t e r e d  wi l l  be d i s c u s s e d  in Sec t ion  7 .3 .  

The  goal  of t h e s e  m e a s u r e m e n t s  was  to obta in  a c c u r a t e  i n s t a n t a n e o u s  
w a v e f o r m s  of the  two p la te  v o l t a g e s ,  the  e ight  g r i d  v o l t a g e s ,  and the  
e igh t  ca thode  c u r r e n t s .  M e a s u r e m e n t s  of i nd iv idua l  g r i d  c u r r e n t s  
would a l so  have  b e e n  d e s i r a b l e ,  but no c o n v e n i e n t  m e a n s  of ob ta in ing  
t h e m  could be found. D i r e c t - c u r r e n t  coupl ing was u s e d  so tha t  the  
ac tua l  load  l i ne  could be obta ined ,  and a c c u r a t e  t r a n s i e n t  r e s p o n s e  
could  be m e a s u r e d .  

The  p la te  vo l t age  w a v e f o r m  was ob ta ined  f r o m  two vo l t age  d i v i d e r s  
which  use  the  c i r cu i t  d i a g r a m  in Fig.  42. T h e s e  can  be s e e n  in Fig .  
33. T h e s e  d i v e r s  w e r e  c o n n e c t e d  to the  two p la te  b u s s e s .  To ob ta in  
the ind iv idua l  p la te  v o l t a g e s ,  one m u s t  m a k e  a s m a l l  c o r r e c t i o n  fo r  
the  vo l t age  d r o p  in the  r e s i s t a n c e  (and p e r h a p s  the  induc tance )  of the  
p la te  r e s i s t o r s .  The  vo l t age  d i v i s i o n  is  r e s i s t i v e  below 1.59 kHz and 
capac i t i ve  above th is  f r e q u e n c y .  The r e s i s t i v e  r a t i o  was a d j u s t e d  to 
an a c c u r a c y  of b e t t e r  than  0 .1  p e r c e n t  by apply ing  a d - c  vo l t age  to the  
d i v i d e r .  The  capac i t i ve  r a t i o  was  a d j u s t e d  by app ly ing  a s t ep  w a v e -  
f o r m  to the  d i v i d e r ,  p robab ly  to an a c c u r a c y  of about 1.0 p e r c e n t .  
The  coaxia l  output cab le  was c o n n e c t e d  to the  d i v i d e r  du r ing  the  a d j u s t -  
m e n t .  The  g r i d  v o l t a g e s  w e r e  to have  b e e n  m e a s u r e d  by d i v i d e r s  
s i m i l a r  to (but m u c h  s h o r t e r  than)  the  p la te  vo l t age  d i v i d e r s .  How- 
e v e r ,  d i f f i cu l t i e s  wi th  the  m e a s u r e m e n t s  w e r e  d i s c o v e r e d  b e f o r e  
they  w e r e  c o n s t r u c t e d ,  and they  have  not b e e n  i n s t a l l e d  as ye t .  

The ca thode  c u r r e n t  m e a s u r e m e n t s  w e r e  t aken  f r o m  the  ca thode  
shun ts  fo r  e a c h  tube.  In o r d e r  to m i n i m i z e  the  e f fec t  of the  i n d u c t a n c e  
of the  shunt ,  the  c e n t e r  l e a d  of the cable  connec t i ng  to the  u n g r o u n d e d  
s ide  was  l a id  a long the Made of the  shunt  (Fig.  43). 
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Figure 42. Voltage divider for measuring instantaneous 
plate voltage. 
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To 
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C e n t e r  
Tap 

To 
Ground 

Figure 43. Method of connecting instrumentation leads to 
cathode current shunt to minimize the inductance 
of the shunt. 

It was  r e c o g n i z e d  tha t  c o m m o n  m o d e  v o l t a g e s  would  be p r e s e n t ,  
and in  e v e r y  c a s e  two coax ia l  cab les  w e r e  r u n  for  the  m e a s u r e m e n t .  
One was c o n n e c t e d  to the  u n g r o u n d e d  and one to the  g r o u n d e d  s ide  
of the  shunt  (or  d i v i d e r ) .  The. cab le  s h i e l d s  w e r e  g r o u n d e d  w h e r e  the  
cab l e s  le f t  the  e n c l o s u r e  and w e r e  f l oa t ed  at  t he  shun t  (or  d i v i d e r ) .  
Al though  the  g e n e r a l  a p p r o a c h  t a k e n  s e e m s  to have  b e e n  c o r r e c t ,  the  
c o m m o n  m o d e  v o l t a g e s  p r e s e n t  on the  ca thode  c u r r e n t  m e a s u r e m e n t s  
w e r e  too l a r g e  to be hand led  by the  i n s t r u m e n t s  used .  
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7.0 OPERATING EXPERIENCE 

Opera t ion  of the o s c i l l a t o r  has  been quite succes s fu l ,  and it is  
p r e s e n t l y  s e r v i n g  i ts  in tended function.  In mos t  cases  the p red ic t ions  
of the des ign  have been borne  out. Some d i f f icu l t i es  were  encounte red  
dur ing  shakedown,  however ,  and it s e e m s  app rop r i a t e  to d i s c u s s  them 
here .  F i r s t ,  the s u c c e s s e s  of the des ign  w e r e  as fol lows:  

1. A continuous power input of 3 .5  MW has 
been achieved with opera t ing  condi t ions 
v e r y  c lose  to those  p red ic t ed  by the des ign.  
In p a r t i c u l a r ,  the ove ra l l  e f f ic iency  
p red ic t ed  in Sect ion 2 .0  was achieved.  
The l i m i t a t i o n s  which p reven t  a ch i evemen t  
of the ful l  des ign  power input of 4 .6  MW 
can probably  be r emoved  without much  
t roub le  when m o r e  power  is  needed.  

2. No f l a s h o v e r s  of high vol tage components  
have occu r red .  

3. No p a r a s i t i c  osc i l l a t ions  occur  under  
any condi t ions.  

4. No overhea t ing  or over loading  of o s c i l l a t o r  
components  has occur red .  

5. Opera t ion  of the o s c i l l a t o r  is quite s tab le ,  
with no tendency  toward blocking osc i l l a t ions  
or  unru ly  t r a n s i e n t  r e s p o n s e .  

6. P r o t e c t i o n  of the tubes aga ins t  damage  
f r o m  f l a s h o v e r  s e e m s  to be adequate.  

7.1 TESTS OF TUBE PROTECTION CIRCUITRY 

Shakedown of the o s c i l l a t o r  was begun with a t e s t  of the f l a s h o v e r  
p ro t ec t ion  c i r c u i t r y .  This  was c a r r i e d  out by d i sconnec t ing  the pla te  
choke, the tank coil,  and the tank b leede r  r e s i s t o r s ,  and charg ing  
f i r s t  the tank capac i t o r s  and then the p la t e -coup l ing  capac i to r  to the 
d e s i r e d  vol tage.  The tubes had not ye t  been ins ta l l ed .  The top of a 
plate r e s i s t o r  was then shor t ed  to ground by a loop of 0 .010- in .  - d i a m  
molybdenum wi re  connected to a ground s t r ap .  (The actual  g r id  w i r e s  
in the tubes  a r e  0 .012- in .  -d i am p l a t i num-c l ad  molybdenum.  ) No 
damage  to the molybdenum wi re  could be de tec ted  a f te r  sho r t ing  to 
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ground,  even at a p la te  vol tage of 45 kv. It was found that  the c row-  
ba r  f i r e d  wheneve r  the plate  vol tage was above about 8 kv. Shor ts  
were  made  to the top of each  plate r e s i s t o r  to ve r i f y  that  al l  e ight  
c rowbar  t r i g g e r  c i r cu i t s  were  operab le .  It was v e r y  diff icul t  to 
m e a s u r e  the t ime  r e q u i r e d  fo r  the c rowbar  to f i r e ,  but it appea red  
to be about 2 .0  ~ s e c  a f te r  in i t i a t ion  of the faul t .  A high vol tage 
t e s t e r  was used to v e r i f y  tha t  the s p a r k  gaps in the g r id  and f i l amen t  
c i r cu i t s  f i r ed  at the p rope r  vo l t ages .  It was ve r i f i ed  that  f i r ing  of 
e i t h e r  c rowbar  t r i g g e r e d  the ign i t ron  a c r o s s  the pla te  vol tage supply.  

It has  been ment ioned  that  the f l a s h o v e r  de tec t ion  c i r c u i t s  (Fig.  
39) were  not e n t i r e l y  succes s fu l .  When these  c i r cu i t s  were  t e s t ed  
ind iv idua l ly  with a d - c  input, they  were  found to f i r e  at vo l tages  
r ang ing  f r o m  0.40 to 0 .56 v0 which c o r r e s p o n d  to cathode c u r r e n t s  
of 200 to 280 amp. However ,  in opera t ion ,  the c i r c u i t s  were  found 
to be too s ens i t i ve ,  and often f i r ed  under  n o r m a l  condi t ions,  even 
at low pla te  vo l t ages .  It was even tua l ly  n e c e s s a r y  to d i sconnec t  them 
in o r d e r  to continue the shakedown.  When a f l a s h o v e r  did f ina l ly  
occur ,  the c rowbar  and ign i t ron  f i r ed  p r o p e r l y ,  but the plate supply 
c i r cu i t  b r e a k e r  was not t r ipped ,  and the shunt  on the ign i t ron  cathode 
was even tua l ly  de s t royed .  By th i s  t ime ,  the pla te  supply  had been 
s h o r t  c i r cu i t ed  long enough so that  the f l a s h o v e r  had c lea red ,  and 
when the shunt  opened and plate  vol tage r e tu rned ,  the o s c i l l a t o r  went 
back into n o r m a l  opera t ion .  

The r e a s o n  for  the exce s s  s e n s i t i v i t y  is  d i f f icul t  to ident i ty .  It 
may  be that  the SCR f i r e s  at a l ower  vol tage  if the r i s e  t ime  is  fas t .  
It could a l so  be tha t  the inductance  of the shunt  is  not negl ib le ,  and 
that  too much vol tage  is  applied to the SCR. When t ime  p e r m i t s ,  
the c i r c u i t s  wil l  be r ep l aced  with some  c i r cu i t  with be t t e r  vol tage 
d i s c r i m i n a t i o n  and known high f r equency  r e s p o n s e .  Inductive,  r a t h e r  
than r e s i s t i v e  coupling to the cathode wil l  p robab ly  a l so  be used.  

The shakedown of the o s c i l l a t o r  was c a r r i e d  out with the o s c i l l a t o r  
output connected to a dummy load cons i s t ing  of a bank of w a t e r - c o o l e d  
s t a i n l e s s  s t e e l  tubes .  The power  output was ca lcu la ted  f r o m  the 
flow r a t e  and t e m p e r a t u r e  r i s e  of the cooling wate r .  The tank capac i -  
t o r  was opera ted  in conf igura t ion  9 at a f r equency  of 22 .7  kHz,  because  
th is  conf igura t ion  had the h ighes t  v a t  capab i l i ty  and was t h e r e f o r e  
the m o s t  conse rva t ive .  A number  of t r i v i a l  p r o b l e m s  were  loca ted  and 
c o r r e c t e d ,  among them the d i f f icu l t ies  with the f l a s h o v e r  de t ec to r  
c i r cu i t s  and t u b e  cool ing wa te r  flow r a t e ,  which have a l r e a d y  been 
d i s c u s s e d .  E v e n t u a l l y  it became  pos s ib l e  to ach ieve  a power  input 
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of 3 .5  MW r o u t i n e l y ,  wi th  a m e a s u r e d  e f f i c i e n c y  of 66 to 71 p e r c e n t .  
T h i s  c o m p a r e s  f a v o r a b l y  wi th  the  e f f i c i e n c y  of 70 .5  p e r c e n t  c a l c u l a t e d  
in  Sec t ion  2 . 0 .  

7.2 LOAD DIVISION BETWEEN TUBES 

The  u l t i m a t e  l i m i t  to the  power  output  of the  o s c i l l a t o r  i s  at  
p r e s e n t  i m p o s e d  by u n b a l a n c e d  load ing  of the  t ubes .  The  o s c i l l a t o r  
was  o p e r a t e d  o v e r  a wide r a n g e  of p la t e  v o l t a g e s  and tank  Q v a l u e s .  
It was  found tha t  whi l e  a m o d e r a t e  u n b a l a n c e  in  ca thode  c u r r e n t  b e t w e e n  
tubes  e x i s t e d  u n d e r  a l l  cond i t ions ,  any cond i t ion  which  r e q u i r e d  a 
h igh  peak  p l a t e  c u r r e n t  g r e a t l y  i n c r e a s e d  the  u n b a l a n c e .  The  v a r i a t i o n  
of i nd iv idua l  ca thode  c u r r e n t s  as  p l a t e  supp ly  vo l t age  changed  in  a 
t y p i c a l  c a s e  i s  shown  in F ig .  44. The  s a m e  e f fec t  was  ob ta ined  by 
ho ld ing  p la te  supp ly  vo l t age  cons t an t  and l o w e r i n g  the  tank  Q, wh ich  
a l s o  i n c r e a s e d  the  peak  p la te  c u r r e n t .  E v i d e n t l y  the  tubes  d i f f e r  m o s t  
m a r k e d l y  in the  low p la te  vo l t age ,  h igh  p la te  c u r r e n t  r e g i o n  of the  
c h a r a c t e r i s t i c .  P e r h a p s  the d i f f e r e n c e  is  c a u s e d  by v a r i a t i o n s  in  the  
s e c o n d a r y  e m i s s i o n  c h a r a c t e r i s t i c s  of the  g r i d s ,  wh ich  could be 
a p p r e c i a b l e  even  if the  g e o m e t r y  of the  tubes  w e r e  i d e n t i c a l .  

In e a r l y  r u n s  i t  was  found tha t  the  tubes  on the  e a s t  s ide  of the  
c o m p o n e n t  s u p p o r t  c o n s i s t e n t l y  d rew m o r e  c u r r e n t  t h a n  t hose  on the  
w e s t  s ide ,  and t ha t  swapp ing  tubes  did not a l t e r  t h i s  condi t ion .  
Vol t age  m e a s u r e m e n t s  m a d e  on the g r i d  l i n e s  and on the  sou th  end 
of the  componen t  s u p p o r t  (Fig .  45) s u g g e s t e d  tha t  the  tank co i l  was  
induc ing  v o l t a g e s  wh ich  unba l anced  the g r i d  d r i v e  v o l t a g e s ,  i n c r e a s i n g  
the d r i v e  on the e a s t  s ide  and d e c r e a s i n g  the  d r i v e  on the  wes t .  The  
s h i e l d  shown in F ig .  46 was  i n s t a l l e d .  Al though it  could not  be as  
e f f ec t i ve  as  m i g h t  have  been  d e s i r e d  b e c a u s e  i t  had  to avoid e x i s t i n g  
c o m p o n e n t s ,  i t  was  s u c c e s s f u l  in r e d u c i n g  the u n b a l a n c e  in  g r i d  
v o l t a g e s  by a f a c t o r  of 7 (see  F ig .  45) and in  r e d u c i n g  the  vo l t age  
induced  in the  componen t  s u p p o r t  by  a f a c t o r  of 9. Wi th  the  s h i e l d  in 
p l ace ,  the  s y s t e m a t i c  u n b a l a n c e  be tween  e a s t  and w e s t  tubes  d i s a p p e a r e d ,  
but i n t o l e r a b l e  u n b a l a n c e s  r e m a i n e d .  The  da ta  p lo t t ed  in F ig .  44 w e r e  
t a k e n  wi th  the  s h i e l d  in p l ace .  

Unba l anced  load ing  of the  tubes  had of c o u r s e  been  an t i c ipa t ed ,  
and p r o v i s i o n s  had b e e n  m a d e  fo r  ad ju s t i ng  the i nd iv idua l  b i a s  
r e s i s t o r s  on the tubes  in 5.0-~2 s t e p s  f r o m  0 to 395 ~ ,  the  n o m i n a l  
d e s i g n  va lue  be ing  295 ~ .  Chang ing  b i a s  r e s i s t a n c e  was  r a t h e r  
i ne f f ec t i ve ,  h o w e v e r ,  and p e r f e c t  b a l a n c e  could be a c h i e v e d  u n d e r  
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only one opera t ing  condit ion.  At o ther  condi t ions ,  the gr id  r e s i s t o r s  
had to be r ead jus t ed .  Note the behav ior  of the tube W2 in Fig. 44. 
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Figure 46. View showing the shield which was installed 
around the tank coil. 

It is difficult to document exactly why the change in grid resistance 
is ineffective, because attempts at accurate measurement of instan- 
taneous electrode voltages were only partially successful. Something 
like the following sequence of events probably occurs. Figure 47 
shows the tube characteristic near the low voltage end of the load line. 
Increasing the grid resistor on one tube will increase the bias on that 
tube and thus will decrease the peak positive grid voltage, but will 
have little effect on the peak rf plate voltage or peak rf grid voltage, 
because there are seven other tubes in operation. Thus, the load 
line on this one tube will be moved downward (dashed line in Fig. 47). 
Increasing the bias voltage from i, 000 to i, i00 v (the case depicted 
in Fig. 47), an increase of i0 percent, decreases the peak grid 
current from 28 to 21 amp, a decrease of 25 percent. As a very rough 
approximation one can assume that all grid current flows at this condi- 
tion. Then the percentage change in grid resistance needed to establish 
the new conditions is 

AR AE AI 
R E I 

= 0 . 1  - ( - 0 . 2 5 )  = 3 5  percent 
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Figure 47.  High cu r ren t  region o f  tube characteristic, showing the 
effect of increased bias voltage, 

F u r t h e r m o r e ,  the peak plate  cu r r en t  changes only f r o m  119 to 99 amp, 
a d e c r e a s e  of 17 percent .  So a 35-pe rcen t  i n c r e a s e  in bias  r e s i s t a n c e  
p roduces  a 25 -pe rcen t  d e c r e a s e  in gr id  cu r ren t ,  and only a 17 -pe rcen t  
d e c r e a s e  in plate  cu r r en t .  Data taken  dur ing the shakedown con f i rm  
that  the bias  r e s i s t o r s  a re  m o r e  effect ive  in changing gr id  c u r r e n t  

than plate  cu r r en t .  
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An a t t empt  has  been made  h e r e  to ba lance  the tubes ,  by applying 
the s a m e  r f . d r i v i n g  vol tage to each  tube, and by v a r y i n g  the individual  
bias  vo l tages .  In r e t r o s p e c t ,  i t  appea r s  that  i t  would have been be t t e r  
to apply the s a m e  bias  vol tage to each tube, and to v a r y  the individual  
r f  d r iv ing  vol tages .  The c i r cu i t  of Fig.  48 would a c c o m p l i s h  th i s ,  
and would have the addi t ional  advantage tha t  ba lance  is  au toma t i ca l l y  
achieved,  and does not r e q u i r e  c u t - a n d - t r y  ad jus tment .  Any unbalance  
between cathode c u r r e n t s  induces  a vol tage in the ba lanc ing  t r a n s -  
f o r m e r ,  which tends  to i n c r e a s e  the d r i ve  on one tube and d e c r e a s e  
the d r ive  on the other .  A s i m i l a r  c i rcu i t  is  often used to ba lance  
c u r r e n t s  be tween s i l i con  diodes in p a r a l l e l .  Ca lcu la t ions  indica te  
that  the t r a n s f o r m e r s  would not be diff icul t  to build. 

Inco rpo ra t ion  of t h e s e  t r a n s f o r m e r s  was cons ide red  v e r y  e a r l y  in 
the des ign.  They  were  not included because  of the u n c e r t a i n  impedance  
they  add to the cathodes  of the  tubes.  Had p a r a s i t i c  o sc i l l a t i ons  
o c c u r r e d ,  the t r a n s f o r m e r s  would have been i m m e d i a t e l y  suspec t ,  and 
would have to have been removed .  Since the o s c i l l a t o r  s e e m s  to be 
r a t h e r  immune  to p a r a s i t i c  o sc i l l a t ions ,  the ba lanc ing  t r a n s f o r m e r s  
will. p robab ly  be added at a l a t e r  date.  

Figure 48. Possible arrangement of balancing transformers for 
equalizing cathode currents of the tubes. 
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7.3 PROBLEMS WITH INSTRUMENTATION 

Of the  i n s t a n t a n e o u s  w a v e f o r m  m e a s u r e m e n t s  wh ich  w e r e  a t t e m p t e d ,  
on ly  the p la te  vo l t age  m e a s u r e m e n t s  w e r e  p a r t i c u l a r l y  s u c c e s s f u l .  
S ince  the  c o m p e n s a t e d  vo l t age  d i v i d e r s  u s e d  in  the  p la te  vo l t age  m e a -  
s u r e m e n t  a p p e a r e d  to o p e r a t e  p r o p e r l y ,  s u c c e s s f u l  g r i d  vo l t age  m e a -  
s u r e m e n t s  could p r o b a b l y  be m a d e .  At p r e s e n t  t h e r e  s e e m s  to be no 
way  to m ~ e  a c c u r a t e  ca thode  c u r r e n t  w a v e f o r m  m e a s u r e m e n t s ,  f o r  
two r e a s o n s .  

F i r s t ,  the  d e s i r e d  s i g n a l  t a k e n  f r o m  the  ca thode  shunt ,  wh ich  is  
of the  o r d e r  of 0 .1  v in  m a g n i t u d e ,  m u s t  be m e a s u r e d  in the  p r e s e n c e  
of the  c o m m o n  m o d e  vo l t age  of about 10 v, which  is  p r e s e n t  on tl~e 
componen t  suppor t .  The  c o m m o n  mode  vo l t age  c a p a b i l i t y  of o s c i l l o -  
s c o p e s  i s  not  good enough to m a k e  a c c u r a t e  m e a s u r e m e n t s  u n d e r  t h e s e  
cond i t i ons ,  e s p e c i a l l y  s i n c e  f r e q u e n c y  c o m p o n e n t s  up to 100 kHz or  
m o r e  a r e  involved .  

Second,  the  i n d u c t a n c e  of the  shun t  i s  a p p a r e n t l y  not n e g l i g i b l e .  
In an  a t t e m p t  to overcom_e the c o m m o n  mode  p r o b l e m s ,  an i s o l a t i o n  
t r a n s f o r m e r  wound on a f e r r i t e  .core was  c o n s t r u c t e d  and was  connec t ed  
to a ca thode  shun t .  The  w a v e f o r m  ob ta ined  f r o m  the  t r a n s f o r m e r  was  
r o u g h l y  b e l i e v a b l e ,  excep t  tha t  i t  showed  a n e g a t i v e  ca thode  c u r r e n t  
at  the  end of the  conduc t ion  pe r i od .  T h i s  was  a t t r i b u t e d  to i n d u c t a n c e  
in  the  shun t ,  and a c o m p e n s a t i n g  n e t w o r k  was  i n t r o d u c e d  wh ich  was  
capab le  of e l iminat ing_ the  e f fec t  of t h i s  i nduc t ance .  By a d j u s t i n g  the  
ne twork ,  one could e l i m i n a t e  the  n e g a t i v e  p o r t i o n  of the  w a v e f o r m .  
H o w e v e r ,  a l m o s t  any  shape  could be ob ta ined  fo r  the  p o s i t i v e  p o r t i o n  
of the  w a v e f o r m ,  and s i n c e  the  ac tua l  w a v e f o r m  was  unknown,  the  
p r o p e r  s e t t i n g  fo r  the  c o m p e n s a t i n g  ne twork  could not  be found.  P e r -  
haps  it  wi l l  e v e n t u a l l y  be p o s s i b l e  to m a k e  a c c u r a t e  m e a s u r e m e n t s  by  
coupl ing  i n d u c t i v e l y  to the  ca thode .  

7.4 OSCILLATOR DESIGN IN RETROSPECT 

Now tha t  c o n s t r u c t i o n  of the  o s c i l l a t o r  ha s  been  c o m p l e t e d  and the 
e x p e r i e n c e  of s e v e r a l  dozen  r u n s  has  b e e n  a c c u m u l a t e d ,  i t  i s  b e c o m i n g  
p o s s i b l e  to be ob j ec t i ve  about  the  d e c i s i o n s  which  w e r e  m a d e  d u r i n g  
the  d e s i g n .  The  g e n e r a l  f o r m  of the  c i r c u i t  ( push -pu l l  Co lp i t t s  w i th  
s h u n t - f e d  g r i d s  and p l a t e s )  h a s  been  v e r y  s a t i s f a c t o r y .  The  m e a n s  
c h o s e n  fo r  v a r y i n g  the  f eedback  c a p a c i t o r  ha s  p r o v e n  to be c o n v e n i e n t  
and r e l i a b l e .  The  t ank  c a p a c i t o r  bank i s  p r o b a b l y  about  the  m o s t  
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e c o n o m i c a l  wh ich  would  a l low any v e r s a t i l i t y ,  but chang ing  c o n f i g u r a -  
t ions  is  c e r t a i n l y  awkward .  Appa ren t l y  the  p o s s i b l e  c a u s e s  of p a r a s i -  
t i c  o s c i l l a t i o n s  w e r e  c o r r e c t l y  iden t i f i ed  and e l i m i n a t e d ,  b e c a u s e  no 
such  o s c i l l a t i o n s  m a t e r i a l i z e d .  

The  tube p r o t e c t i o n  c i r c u i t r y  s e e m s  to be e n t i r e l y  adequa te ,  excep t  
f o r  the  c i r c u i t s  which  i nd i ca t e  wh ich  tube f l a s h e d  ove r .  The  p l a t e  
r e s i s t o r s  a r e  the  h e a r t  of the  p r o t e c t i o n .  T h e y  o f fe r  the  i m p o r t a n t  
a d v a n t a g e s  tha t  they  a r e  e n t i r e l y  p a s s i v e  and v e r y  r e l i a b l e ,  and they  
a r e  c e r t a i n l y  w o r t h  the  s m a l l  amount  of output p o w e r  t hey  c o n s u m e .  
The  c r o w b a r s  a r e  a l so  w o r t h w h i l e ,  and have  b e e n  r e l i a b l e  up to th i s  
point ,  but they  s u f f e r  a d i s t i n c t  d i s a d v a n t a g e  in tha t  they  a r e  not p a s s i v e .  
If the  o p e r a t o r  a l lows  the  b a t e r i e s  to run  down, o r  f a i l s  to t u r n  t h e m  
on, p r o t e c t i o n  is l o s t .  

The  m e t h o d  which  was  c h o s e n  fo r  e q u a l i z i n g  load ing  a m o n g  the  
tubes  was  i n a d e qua t e ,  and has  the  f u r t h e r  d i s a d v a n t a g e  tha t  it m u s t  be  
a d j u s t e d  by t r i a l  and e r r o r ,  and m u s t  be r e a d j u s t e d  fo r  e v e r y  change  
in o p e r a t i n g  cond i t ions .  The  u se  of s o m e  m e t h o d  which  a u t o m a t i c a l l y  
b a l a n c e s  tubes  wi thout  a d j u s t m e n t  would be m u c h  m o r e  d e s i r a b l e .  

The  use  of v a p o r  cool ing  has  b e e n  a m i x e d  b l e s s i n g .  Al though it 
was  qui te  e c o n o m i c a l  of w a t e r  u sage ,  p r o v i d e d  s o m e w h a t  b e t t e r  coo l -  
ing,  and p r o b a b l y  did r e s u l t  in s o m e  sav ing  in c o n s t r u c t i o n  cos t ,  it 
c o m p l i c a t e d  the  m e c h a n i c a l  d e s i g n  of the  o s c i l l a t o r  m u c h  m o r e  than  
was o r i g i n a l l y  an t i c ipa t ed .  The  fac t  tha t  p la te  d i s s i p a t i o n  cannot  be 
m e a s u r e d  d i r e c t l y  is a l so  an i n c o n v e n i e n c e ,  if not to the  d e s i g n e r ,  
at l e a s t  to the  u s e r ,  who has  no d i r e c t  m e a n s  of ca l cu l a t ing  the  p o w e r  
input  to his  e x p e r i m e n t .  

The  t i m e  devo ted  to the  c o m p u t e r  s i m u l a t i o n  p r o g r a m  was c o n s i -  
d e r e d  well  spen t .  The  p r o g r a m  t a k e s  into account  m a n y  e f fec t s  which  
m u s t  be i g n o r e d  when  us ing  c l a s s i c a l  m e t h o d s ,  and it i s  app l i cab l e  
to a m u c h  b r o a d e r  r a n g e  of p r o b l e m s .  

The  f e a t u r e s  wh ich  w e r e  i nc luded  in the  o s c i l l a t o r  d e s i g n  fo r  
p r o t e c t i o n  of o p e r a t i n g  p e r s o n n e l  a r e  c o n s i d e r e d  adequa te  and p e r m i t  
sa fe  o p e r a t i o n  and m a i n t e n a n c e .  H o w e v e r ,  it m u s t  be kep t  in m i n d  
that  t h e s e  f e a t u r e s  a r e  not au toma t i c ,  and tha t  the  o s c i l l a t o r  is  v e r y  
d a n g e r o u s  to an o p e r a t o r  who does  not u n d e r s t a n d  and u s e  the  
e s t a b l i s h e d  p r o c e d u r e s .  
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NOMENCLATURE 

A 

B 

C 

C b 

cr 

Ct 

Dimensionless  pa ramete r  re la t ing vacuum tube and 
capacitor voltage rat ings,  see Eq. (39) 

Dimensionless  pa ramete r  re la t ing vacuum tube and 
capacitor voltage rat ings,  see Eq. (40) 

Capacitance of an individual capacitor 

Capacitance of a tank capacitor bank 

Capacitance of a feedback capacitor "bank 

Effective plate- to-plate  tank capacitance 
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Eb 

Ebb 

E b r  

E c c  

E p r  

E r 

E t 

f 

I 

Ib 

Ibb 
Ibbr 
Ibr 
Ir 

k 

L 

£ 

m 

n 

P 

Q 

Qo 

R 

Vol tage  a c r o s s  a tank  c a p a c i t o r  bank,  r m s  

P l a t e  supp ly  vo l t age  

Vol tage  r a t i n g  of a tank  c a p a c i t o r  bank,  r m s  

B i a s  vo l t age ,  DC 

P l a t e - t o - p l a t e  vo l t age  r a t i n g  of v a c u u m  tubes ,  r m s  

Vol tage  r a t i n g  of an ind iv idua l  tank c a p a c i t o r ,  r m s  

P l a t e - t o - p l a t e  vo l t age  a c r o s s  tank  c a p a c i t o r ,  r m s  

F r e q u e n c y ,  Hz. 

C u r r e n t  ( gene ra l )  

C u r r e n t  t h r o u g h  a tank  c a p a c i t o r  bank ,  r m s  

T o t a l  d - c  p la te  c u r r e n t  of v a c u u m  tubes  

R a t e d  to t a l  d - c  p la te  c u r r e n t  of v a c u u m  tubes  

C u r r e n t  r a t i n g  of a tank  c a p a c i t o r  bank ,  r m s  

C u r r e n t  r a t i n g  of an  ind iv idua l  t ank  c a p a c i t o r ,  r m s  

C u r r e n t  C i r c u l a t i n g  in t ank  c i r c u i t ,  r m s  

Ra t io  of a - c  g r i d  vo l t age  to a - c  p l a t e  vo l t age  

I n d u c t a n c e  of t ank  i nduc to r  

Ra t io  of the  h i g h e s t  vo l t age  a c r o s s  an i nd iv idua l  c a p a c i t o r  
in a bank  to the  vo l t age  a c r o s s  the  bank  

Ra t io  of t he  h i g h e s t  c u r r e n t  t h r o u g h  an ind iv idua l  c a p a c i -  
t o r  in  a bank to the  t o t a l  c u r r e n t  t h r o u g h  the  bank 

N u m b e r  of c a p a c i t o r s  in a bank 

To ta l  power  output  of v a c u u m  tubes  

M a x i m u m  power  which  can be ob ta ined  f r o m  o s c i l l a t o r  
when  c a p a c i t o r  vo l t age  r a t i n g  is  m o r e  r e s t r i c t i v e  t h a n  
p la te  supp ly  vo l t age  r a t i n g  

To ta l  r a t e d  power  output  of v a c u u m  tubes  

Q u a l i t y  f a c t o r  of t ank  c i r c u i t  

D i m e n s i o n l e s s  p a r a m e t e r  r e l a t i n g  v a c u u m  tube  and tank  
c a p a c i t o r  r a t i n g  s e e  Eq.  (38) 

Load  r e s i s t a n c e  coupled  into tank i n d u c t o r  
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t 

Vbr 

Vr 
vt 
Z t 

~0 

% 

W O 

Time 

Rat ing of a tank capac i to r  bank, v a r s  

Rat ing of an individual  tank capac i to r ,  v a r s  

Reac t ive  power  being handled by tank c i rcu i t ,  v a r s  

P l a t e - t o - p l a t e  tank c i rcu i t  impedance  at r e s o n a n c e  

F r e q u e n c y ,  r a d i a n s  per  sec  

F r e q u e n c y  at which r a t ed  c u r r e n t  and r a t ed  v a t  
capabi l i ty  of a capac i to r  will  be r e a c h e d  s i m u l t a n e o u s l y  

F r e q u e n c y  at which r a t ed  vol tage and r a t ed  v a r  
capabi l i ty  of a capac i to r  wil l  be r e a c h e d  s i m u l t a n e o u s l y  

Resonan t  f r equency  of tar~. c i r cu i t  

,%. 

o - -  I 
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